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INTRODUCTION 
 

The overall goal of this multi-year research project in collaboration with the Walter Reed 
Army Medical Center is to develop the necessary technology to make the Roberts 
Proton Therapy Center in Philadelphia the most advanced proton radiotherapy center. 
Award # W81XWH-07-2-0121 comprises phases 4 and 5 of this endeavor and consists 
of the following projects: 
U 

Phase 4 

A. Positron Emission Tomography (PET) of proton beams to verify dose 
deposition 

1. PET Detector Development: Design a PET scanner optimized for the 
application of verifying the dose distribution deposited by proton therapy 
beams. This includes detector selection, electronic and mechanical 
engineering, data acquisition, and reconstruction software. 

2. Cross-section measurements: Measure positron-emitting isotope 
production from the primary elements found in tissue and compare to 
the GEANT4 Monte Carlo simulation program.  

3. Determination of elemental composition: The verification of the dose 
distribution cannot be done directly because the production of isotopes 
is not easily related to the dose deposited. Instead a Monte Carlo 
simulation program is used to calculate both dose deposited and 
isotopes produced and the latter is compared to the measured value. It 
is critical that the correct elemental composition be used in the 
simulation for this comparison to work. We are investigating how 
additional imaging methods, such as dual-energy CT, can help 
determine the composition.  

B. Radiobiology and microdosimetry of proton beams 

1. Radiobiology studies in the proton beam: Develop techniques to 
measure the radiobiological effectiveness of the proton beam. 

2. Microdosimetry studies in the proton beam: Build proportional chambers 
to measure the linear energy transfer in a proton therapy field.  

 

UPhase 5U  

A. Apply state-of-the-art localization methods, including cone-beam CT 
and  

B. implanted radiofrequency beacons, currently used in conventional 
radiotherapy to proton radiotherapy. 

C. Develop a computer program to maximize the efficiency of the proton 
facility. 

 
 



5 
 

 
 

BODY 
 

Tissue Heterogeneity 
 

INTRODUCTION: 
 
Megavoltage protons can deliver radiation therapy with great spatial precision. However, 
planning the radiation dose depends on knowing the electronic density of the materials 
(Schneider et al 1996, Schaffner et al.1998, Moyers et al. 2010) exposed to radiation as well as 
being able to accurately treatment plan based on measuring a variety of materials (Pflugfelder 
et al. 2007, Szymanowski et al. 2002), Sawakuchi et al. 2008). Actual empirical testing has 
mostly been limited despite a number of issues regarding tissue heterogeneity and proton 
treatment plan. Specifically, the distal edge of the Bragg peak (Chevstov et al. 2010) can be 
affected by inability to account for tissue heterogeneities. In addition, the Linear Energy Transfer 
(LET) due to protons depositing energy within heterogeneous materials has been confined to 
Monte Carlo calculation without experimental verification. This research effort compares the 
measured and expected doses over areas using radiochromic film. The technology developed 
by this research is leveraged for measuring radiation dose and LET within heterogeneous 
materials within a phantom. These measured doses will be compared to the dose distribution 
from the x-ray and proton treatment planner. The LET distribution within heterogeneous 
materials will be compared to Monte Carlo calculations. 

 
 
1. Experimental exposure of heterogeneous phantom to protons 
 
A phantom was constructed to examine the dose distribution of protons in heterogeneous 
materials. Specifically acrylic plates were drilled and delrin (to simulate bone) and cork (to 
simulate lung) plugs and unplugged (air cavity) were press fitted into the acrylic (see below). 
The goals were to experimentally test the predicted and distal edges for proton beams 
bombarding heterogeneous materials and also examine the predicted and measured LET 
distributions within heterogeneous materials. Anthropomorphic material phantoms have been 
built and tested for proton therapy (Grant et al. 2009) and found shifts in Bragg peaks and small 
differences in proton stopping power. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Delrin   Cork    Air 
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Proton treatment plans were remotely planned from Walter Reed that deposited the Bragg 
peaks beyond inserted materials (to test position of distal edge)and also deposited the beams 
within the heterogeneous materials (to test LET within the materials). Examples of plans for 
protons exposing Delrin for both long and short range are shown below. 
 
 
 
 
 
 
 
 
 
 
 
 Delrin Long Range (Bragg Peak beyond Delrin plug)       Delrin Short Range (Bragg peak inside plug) 
 
Note the Bragg peaks but also the bowing and distortion at the end of the proton range that 
shortens the distal edge distance. In the case of cork and air, the bowing will be displaced in the 
opposite direction toward a longer proton range. Similar plans were generated for cork, air gap 
and pure acrylic. 
 
The University of Pennsylvania Proton Pencil Beam exposed the radiochromic film sandwiched 
between slabs of the heterogeneous phantom. The radiocrhomic film darkening was converted 
to dose using the procedures outlined previously.  

 
 
 
 
 
 
 
 
 
 

Cork Long Range (Bragg Peak beyond Delrin plug)       Cork Short Range (Bragg peak inside plug) 
 
Radiochromic film was exposed to protons imposing on the cork, delrin, air plugs. The measure 
dose distribution and treatment plans will be compared at the pixel level as described earlier. 
The LET from MC calculations (from U of Pennsylvania) will also be generated and compared to 
the measured dose distribution, as described earlier. 
 
2. CT Hounsfield distribution from inorganic materials and its affect on proton plans and 
measurements, 
 
Proton telemedicine has not addressed the issue of compatible CT scanners for patients 
scanned at one institution but treated elsewhere. Compatible scanners will eliminate the need to 
scan the patient multiple times and reduce the patient’s radiation exposure. Proton treatment 
planning requires correctly associating CT Hounsfield numbers with proton stopping power. A 
general procedure was developed by Schneider (Schneider et al 1996, Schaffner et al 1998, 
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Moyers et al. 2010) to calibrate CT imagers for proton treatment planning systems. It was noted 
by Schneider and verified by others that an appropriate look up table for synthetic materials 
(such as acrylic, delrin, cork) differs from tissues. The phantoms described above an exposed to 
protons are synthetic. So an appropriate look up table may need to be generated. 
 
In addition, remote proton plans generated at Walter Reed used Walter Reed CT scans, not 
those from University of Pennsylvania. Currently the University of Pennsylvania treatment 
planning system uses the calibration taken from University of Pennsylvania CT scanners. To 
help evaluate the possible differences in look up tables, the Walter Reed CT scanner imaged a 
set of standard phantoms with plugs having known compositions using a common procedure 
(i.e. 120 keV energy used for U of Pennsylvania and Walter Reed). The average CT number 
within each plug (with known composition) was determined using the CT images. These plugs 
have a well defined density, average electronic number, parameters that govern the x-ray 
scattering from Compton scattering, photoelectric effect, and coherent scattering within the CT 
scanner. From numerical fitting,  it is found that the A, B, C parameters (associated with 
photoelectric effect, coherent scattering, and Compton Scattering are: 
 
 
A(WR) =0.000281 +/- 0.000974                       vs          A(Penn)=0.00034 +/- 0.0016 
B(WR)=3.96 +/- 0.199                                      vs.          B(Penn)=3.84 +/- 0.21 
C(WR)=859.3 +/- 5.09                                      vs.          C(Penn)=862.5 +/- 5.09 
 
These parameters can be applied to tissues with known compositions to generate a calculated 
CT Hounsfield numbers. In turn, the relative proton stopping power for a given proton energy 
can be computed using the Bethe-Bloch equation for each of these materials and the average 
ionization energies. The Walter Reed and University of Pennsylvania look up tables Proton 
stopping power (at 115 MeV) and CT Hounsfield numbers) are compared below (at various 
degrees of magnification). 
 

 
 
The agreement is so close between Walter Reed and Penn that it is difficult to discern a 
difference based on observing the graphs, even after magnifying the graphs. Small differences 
may be anticipated because the fitted parameters agree with each within the error bars. 
 
Such a calculation will hopefully avoid the need for multiple CT scans of the patient (at Walter 
Reed and University of Pennsylvania). In addition, the machinery and analysis will be applied to 
synthetic materials and help validate the treatment planning procedure for these useful 
materials. 
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Linear Energy Transfer 

 
INTRODUCTION: 
 
Effective treatment of tumors depends on preferentially delivering radiation to the targets and 
minimizing the dose to sensitive organs. Due to the Bragg peak (Bragg 1904), high energy 
(mega electron volts) protons more selectively deliver maximal doses into desired areas with 
reduced radiation at the distal and proximal regions relative to photons. The high dose regions 
are attributed to protons slowing down near the end of the range. These slowing protons deliver 
doses within a short distance that yield a high Linear Energy Transfer (LET). The high rate of 
energy deposition within short distances has been correlated with high biological lethality 
(Paganetti 2003, Grassberger et al 2011a, Grassberger et al 2011b). Until recently, direct 
measurement of LET is accomplished only using point dosimeters through specially designed 
and configured ionization chambers. Specifically, current techniques measure LET use tissue-
equivalent proportional counters (Kohno et al 2000), solid-state spectrometers (Borak et al 
2004)), and other methods (Sawakuchi et al 2010, Spurny et al. 2004). Preliminary proof of 
principle studies (Gustavsson et al. 2004, Lopatiuk-Tirpak et al. 2012) used a BANG gel to 
explore the possibility of measuring LET over extended volumes. This study has developed a 
method to measure the LET deposited by a proton beam over extended areas using a film 
dosimeter (radiochromic Gafchromic EBT2 film). Although the radiochromic film is equally 
sensitive to most kinds of radiation, this film sensitivity is diminished for radiation having large 
LET (Vanitsky 1997, Zhao et al. 2010, Arjomandy et al. 2012, Suchowerska et al. 2001).  
 
BODY: 
 
Background: 
 
Radiochromic film EBT2 (ISP) (Figure 1) is composed of a single sensitive polymer layer (28 
microns) sandwiched between protective sheets. The radiochromic film is essentially a two-
dimensional detector. Ionizing radiation initiates polymerization within the sensitive layer and 
promotes film darkening. The film is scanned, digitized and the darkening correlated with dose. 
The sensitive layer is sufficiently thin to miss capturing all the desired particles. High LET 
radiation with limited range may result in under detection of dose. Specifically, if a proton 
reaches the end of its range within the supporting materials instead of depositing its dose (and 
ionizing the polymer), results in undetected dose. 
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Figure 1 Schematic depicting high LET particles and reduced detected dose due to 
quenching effect. 
 
Radiochromic film suffers from the “quenching” effect for high LET radiation. The quenching is 
observed especially when the radiation is directed parallel to the film. This phenomenon has 
been observed a number of times but has rarely been analyzed or discussed in detail. More 
importantly, it has only treated as a nuisance, rather than exploited for use as an areal detector 
for LET. Kirby (Kirby et al. 2010) examined the quenching problem by generating Monte Carlo 
simulations for radiochromic films containing two sensitive layers, not one as in this study. Kirby 
computed radiochromic film quality factors and found the relative proton stopping powers for 
protons exceeding 1 MeV was constant but varied substantially for lower energies, especially for 
protons nearing the end of their range. However, Kirby asserted that the quenching effect is due 
to differences in ionization. Kirby’s relative effective (RE) factor may be consistent with 
depending on proton loss between the sensitive layers (see discussion).  
 
To quantitatively account for the quenching effect, the sensitivity of radiochromic film is related 
to the number (or probability) of detected hits Specifically, the Poisson probability P(n,s) of a film 
with thickness s receives n hits (or ionizing events) from a proton with energy E, and LET is: 
 
 
 
Where 
 
 
 
 
It is hypothesized that the relative sensitivity (RS) of the radiochromic film depends on suffering 
at least one (and possibly more) hits within the film of thickness s 
 
 
 
 
 

Detected Dose 

UnDetected, Missed Dose 
(Quenching) 

Polyester Base 175 microns 

Polyester Laminate 50 
Adhesive Layer 25 microns
Active Layer 28 +/- 3 microns

Schematic showing supporting and 
detection  layers for EBT2  
radiochromic film 
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Photons have large energy (MeV) and low LET (0.5 KeV/micron) resulting in large distances 
between interactions (2000 microns >> 28 microns for film thickness). Therefore � is large (70) 
and implies a large sensitivity RS for x-rays using film (RS=1, Equation 3). 
 
For protons near the end of its range or end of the Bragg peak, the story is different. At the end 
of the range, a typical proton energy is around 100 KeV, LET is higher (10 keV/micron) and the 
interaction length l is roughly 10 microns, smaller than the 28 microns and therefore �~0.30, 
and RS is 0.74 (Equation 3), similar to the findings in this work and Kirby (Kirby et al. 2010). In 
contrast, extrapolating from Vynckier (Vynckier et al 1994), the radiochromic sensitivity RS falls 
precipitously with high LET (LET>>1) and q~40. 
 

11 1{ } { } (4)
-1

q qE d

LET LET LET LET
     

 
To highlight the effects of LET, the relative difference (r) of the calculated Treatment Planning 
Dose (DTPS) to the dose measured from the radiochromic media (DRC) 
 
 
 
 
and DTPS,0, is a normalizer, (~200 cGy in this study). The experimental difference in the 
treatment planning dose and the measured dose (DTPS-DRC) is due to the high LET for protons. 
The residual proton energy E deposited within the thin film occurs at the end of the range and 
needs to be compensated and is very crudely accounted for i.e. 
 
 
 
The protons continuously slow at the end of their range (Vynkier et al. 1994) but are not directly 
accounted for in this analysis. It is hypothesized that the LET is related to a Scaled, Normalized 
Difference (SND) metric 
 
 
 
 
The SND is computed (p=0 and separately for p=1) using the registered treatment planning and 
measured doses at every pixel. This processed quantity SND (Equation 7) is studied to see if it 
is correlated with LET over a large dynamic range of SND values. 
 
Methods (Overall):  
 
Figure 2 summarizes the workflow. These ideas were tested using pencil beam dedicated 
nozzle located in the Roberts Proton Therapy Center. A mono-energetic proton pencil beam 
was directed parallel to radiochromic film sandwiched between solid water slabs. Varian 
ECLIPSE (EC) Treatment planning system calculated the proton dose deposition within solid 
water phantom. The darkening due to the proton radiation was converted to dose and the films 
were scanned with reflective scanner (CanoScan LIDE 700F) using calibration films (Mayer et 
al. 1994, Mayer et al. 1995). To autonomously handle media imperfections and scanner 
illumination inhomogeneity, Mayer (Mayer et al. 2012) and Micke (Micke et al. 2011) conceived 
and tested a multichannel optimization approach and found significant improvements relative to 
employing a single red channel. The multichannel approach uses all three channels (red, green, 
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blue) to extract a single dose for each pixel. The experimentally determined dose distribution 
image was spatially registered to the planned image using fiducial marks delineated using 
Teflon markers displayed in the CT image and “tattoos marked on the radiochromic film. The 
SND of the spatially registered images of the absolute planned dose and the detected dose 
correlated with the local LET. To validate this approach, Monte Carlo simulations were 
generated to emulate the experimental situation. The proton plan and radiochromic film using 
protons with a range of 20 cm and narrow and SOPB Bragg peak was used to generated 
polynomial fits corrections for all the other films with nominal proton ranges of 12.5, 15, and 20 
cm. A central region was summed for the registered ECLIPSE treatment plan distribution and 
radiochromic film in the vertical direction to generate dose profiles. A polynomial fit (of varying 
degrees) was applied to the SND profiles and the Penn LET plan profile using the proton with 
20 cm range. The parameters derived from the 20 cm range were then applied to the other files. 
Comparative LET profiles of the SND of the ECLIPSE plan with the experimental dose 
distribution with the Monte Carlo LET simulations. Gamma analysis (Low et al. 1998, Depuyt et 
al. 2002, Zeidan et al. 2006) was computed for the registered experimental and Monte Carlo 
simulations, albeit with a wider LET acceptance (25% of the MC LET, 3 mm. for two spatial 
dimensions)  

 
 
Figure 2. Schematic showing the processes used to generate SND from registered TPS 
dose, measured radiochromic film, corrections to film and comparison to MC LET.  
 
The proton plan (Figure 3) was remotely generated using the ECLIPSE treatment planning 
system located at the University of Pennsylvania. and CTs of the phantom were scanned at 
Walter Reed National Military Medical Center. The distribution shows the familiar Bragg peak. 
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Protons collide with solid water from the top. Radiochromic film is sandwiched between slices of 
solid water protons mostly traverse parallel to film surface. Radiochromic grey levels are 
processed using multichannel optimization and registered  

Figure 3: a) Unprocessed, exposed radiochromic film, b) TPS dose, c) multichannel 
optimized dose from film, and d) SND (p=0). 
 
 
to the ECLIPSE calculation. The SNDs (Equation 7) of the doses from the ECLIPSE treatment 
plan and measured radiochromic film were computed and also shown (Figure 3d). 
 
 
Proton distribution (Figures 3 a,b,c and 
4) shows the familiar Bragg peak for 
protons bombarding a solid water 
phantom. The deeper the proton 
penetration, the larger the discrepancy 
between ECLIPSE calculation and the 
dose measured with film. The film is less 
sensitive to areas receiving high LET 
radiation relative to low LET. This 
disparity is highlighted in Figure 4 by 
comparing SND (p=0, multiplied 500 
times) to ECLIPSE and Radiochromic 
film dose profiles and strongly 
resembles the MC LET profile (see 
below). Note the SND peak, similar to 
the peak LET, is shifted distally relative 
to the Bragg peak. 
 
Monte Carlo Calculation   
 
A Monte Carlo simulation (Figure 5a) 
was computed with OpenRT, an in-
house simulation package based on 
Geant4. 570, 000 primary protons per 
spot were used at 92 different spots, 
which results in 52 million primaries. 
All particles were permitted down to 
zero velocity except for gammas and 
electrons, for which the transport 
threshold was set at 100 um. The 

LET Monte Carlo 
Computation 

Figure 5. a) Image of LET distribution generated by 
Monte Carlo calculation for protons having 20 cm range 
b) Masked LET to only include areas that get > 70cGy

a. Masked LET Monte 
Carlo Computationb. 
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simulation took 350 processor hours split on 12 processors with 2.6 GHz with 4 Gb RAM each. 
 
Figure 5a shows the LET distribution for protons bombarding solid water from the top. The 
central region is relatively flat corresponding to high energy protons. Near the end of the Bragg 
peak, the protons slow down considerably depositing energy over short distances resulting in 
high LET. Outside the field, the fluence is low, but the low energy protons deposit high LET 
radiation. This study does not examine these high LET protons due to low signal to noise for the 
radiochromic film. Figure 5b shows a masked region that delineates the actual area of study and 
only includes areas that exceed 70 cGy. Visually, the measured SND (Figure 5b) resembles the 
calculated LET (Figure 3d.). 
 
 
This study assumed that the detection sensitivity 
only depended on LET variations and hence 
only on depth inside the material. A key issue is 
to find the relationship between the SND and 
the LET profile generated by the Monte Carlo 
distribution. Figure 6 directly shows that SND 
and MC LET are correlated and the curves from 
all proton ranges almost overlap with each 
other.  
 
This correction is applied to all SND images and 
gamma analysis of the deviations of the 
corrected SND and the MC LET is computed. 
 
Results:  
 
Profiles for protons with ranges of 20, 12.5, 15 cm for MC LET as well as polynomial fit using 3, 
4, 5 degrees are shown in the Figure 7 a, b, c respectively. The polynomial fits (with varying 
degrees) were generated from the averaged (in the horizontal direction) SND and LET profiles 
for protons having 20 cm range. The coefficients from the fits are then applied to the processed 
(SND) radiochromic film image  
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The gamma criterion is given by 3 mm in horizontal, vertical directions and 25 % of Monte Carlo 
LET. Analysis was computed for the area (purple) of doses between 70 cGy and 200 cGy from 
the ECLIPSE calculation. The discrepancies as measured by gamma analysis between the 
corrected radiochromic film and Monte Carlo LET were of 6.65 % for protons having a range of 
20 cm with a narrow Bragg peak  (Figure 8) for 5 degrees of freedom in the polynomial fit and 
used the SND having p=0. The most significant and largest differences in LET distribution 
generated by the Monte Carlo calculation relative to the corrected radiochromic film appear at 
the proximal edge and beam edges suggesting some possible unresolved registration issues. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similar displays of the gamma exceedances are shown in Figures 9 a, b for protons exposing 
film having ranges of 12.5 and 15 cm, respectively. As in Figure 8b, the displays used 5 degrees 
in the polynomial fit taken from the protons with a range of 20 cm and using the SND with p=0 
for proton ranges 12.5 and 15 cm. In this case, the 9.67 % and 12.2% gamma exceedances 
were found for areas receiving dose between 70 cGy and 200 cGy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The exceedances shown in Figure 8b and 9a, 9b mostly occur at the edges of the distal edge of 
the Bragg peak. In addition, there are exceedances that occur in regions with sharp dose 
gradients where registration is difficult but also crucial. The LET distribution has greater spatial 
gradients than dose distributions and registration is a more critical feature.  
  
The gamma exceedances as a function of number of degrees in the polynomial fit are shown in 
Figure 10 for protons having ranges of 12.5, 15, and 20 cm. Figure 10 also shows the gamma 
exceedances that result from using exponents of p=0 and p=1 (Equation 7). The gamma 
exceedances are relatively stable as a function of number of degrees in the polynomial fit, with a 
slight preference for higher number of degrees. The higher number of degrees however can be 

Gamma Exceedances (25%) 
Proton Range 20 cm 

Area of Gamma 
(Dose >70 cGy) 

Figure 8 a) Dose distribution for protons of range of 20 cm. and area for gamma analysis (dose>70 cGy) b) 
Gamma exceedances for MC LET and correction to SND (p=0) using 5 degrees polynomial fit. 

a.                   b.

Figure 9 a) Gamma exceedances for MC LET and correction to SND (p=0) using 5 degrees polynomial fit 
for proton range 12.5 cm.b) Gamma exceedances for MC LET and correction to SND (p=0) using 5 
degrees polynomial fit for proton range 15 cm.

a.                       b.   Gamma Exceedances (25%) 
Proton Range 15 cm 

Gamma Exceedances (25%)
Proton Range 12.5 cm 
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more unstable especially for areas with high spatial gradients. The p=1 exponent yields slightly 
better and reduced number of gamma exceedances. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A minimum detectable LET can be inferred from examining the polynomial fits of SND to LET. 
The average (over each of the seven fits) baseline value for LET (corresponding to SND=0) is 
1.33 +/- 0.77 KeV/micron (p=0), 1.15 +/-0.11 KeV/micron (p=1) and 1.24 KeV/micron +/- 0.54 
(p=0 and p=1). These minimum LET values exceed the LET for photons used for therapy. 
 
The analysis that was applied to the narrow Bragg peaks was also conducted for the SOPB with 
modulation of 5 cm. Figures 11a, b, and c  show the two dimensional images of the ECLIPSE 
calculated dose, the measured dose from the radiochromic film, and the LET Monte Carlo 
calculation for  the SOPB for proton range of 20 cm. The broadened peak is evident in a, and b 
and the LET shows a more gradual increase in the broadened region. 
 
 
 
 
 
 
 
 
 
 
 
Figure 11, a) ECLIPSE plan for proton with range of 20 cm, Modulation 5 cm b) Measured 
dose from radiochromic film  plan for proton with range of 20 cm, Modulation 5 cm c) 
Monte Carlo calculation of LET for proton with range of 20 cm, Modulation 5 cm 
 
Profiles for the ECLIPSE and measured doses are shown in Figures 12a. The SND and the LET 
profile for the broadened Bragg peak are shown in Figure 12b. Figure 12c shows that SND 
profile is correlated with the LET profile for the SOPB, albeit not as strongly as for the narrow 
Bragg peak for proton ranges of 15, 17.5, and 20 cm. However, there is greater overlap in the 
curves relative to the narrower Bragg peak (Figure 6).  The 3,4, and 5 degree polynomial fits 
applied to the SND are shown in Figure 12d. 
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Figure 12. a) Dose profiles of SOPB from ECLIPSE and Radiochromic film b) SND and 
LET for SOPB, c) LET vs SND for SOPB for Ranges 15, 17.5, and 20 cm and modulation of 
5 cm d) LET profile for SOPB, proton range 20 cm, modulation 5 cm. and polynomial fits 
using 3,4,5 degrees and applied to SND with p=0. 
 
The gamma exceedances for the SOPB as a function of number of degrees in the polynomial fit 
are shown in Figure 13 for protons having ranges of 15, 17.5, and 20 cm. Figure 13 also shows 
the gamma exceedances that result from using exponents of p=0 and p=1 (Equation 7). For 
SOPB, the gamma exceedances are relatively stable as a function of number of degrees in the 
polynomial fit using degrees >2. The higher number of degrees however can be more unstable 
especially for areas with high spatial gradients. The p=0 and p=1 exponent SND yields 
comparable number of gamma exceedances. The SOPB gamma exceedances are slightly 
larger than those from the narrower Bragg peaks. 
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Figure 13. Gamma exceedances for SOPB (Modulation of 5 cm)  proton ranges 15, 17.5, 
and 20 cm using polynomial corrections with degrees varying from 1 to 7 applied to SND 
(p=0,1). 
 
Discussion:  
 
This study examined a number of metrics to relate the disparity in the absolute measured and 
treatment dose to the LET before opting for the SND (Equation 7). Specifically, this study 
calculated and tested the ratio R1=(DTPS/DRC), R2=1-1/R1, and R3=R1*(DTPS-DRC)  to 
assess the LET. R1, R2, and R3 qualitatively resemble the LET distribution Pixels with low R1, 
R2 were insensitive to LET (data not shown) and uncorrelated with LET. SND correlates better 
with the LET over all ranges of SND.  Finding an appropriate mapping between SND and LET is 
simpler and more robust, especially when applying the corrections to the LET for protons with 
ranges of 12.5, 15 cm and SOPB with 15 cm and 17.5 cm. Although SND (Equation 7) is an 
admittedly crude measure for LET, it is empirically found to yield the best correlation with the 
MC LET over the largest dynamic range of SNDs. 
 
The exact mechanism for quenching is uncertain. This study found a heuristic approach 
(Equation 3) and connects the disparity in proton detection to LET. Kirby (Kirby et al. 2010) 
found that the relative proton stopping powers remained constant (within 2%) for proton 
energies 1 to 300 MeV for the two sensitive layer detector but shows substantial changes below 
500 KeV. Instead (Kirby et al. 2010) ascribed the quenching to energy dependence for ionizing 
the polymers within the sensitive layer. The sensitive layer separation (Kirby et al. 2010) of the 
EBT film was substantially less than the MD-55 film and also had a lower proton energy 
threshold for quenching. It should also be noted that the minimum RE (relative effectiveness, 
corresponding to 1/R1 from above paragraph) in Kirby’s study was 60% to 70% or slightly 
higher than the 50% of detection (or one out of the two sensitive layers). The present study 
therefore instead posits the quenching to energy deposition outside the single sensitive layer (or 
between the two sensitive layers).  
 
Alternative quenching mechanisms suggest saturation from the densely ionizing radiation. To 
test the saturation mechanism, the radiochromic film should be exposed and analyzed for 
varying dose rates and doses. Numerous studies found that radiochromic film is insensitive to 
dose rate deposition. However, the film’s response to dose and/or dose rate was not tested in 
the far distal regions of the Bragg peak corresponding to especially large LET. This study 
exposed the film to a maximum of 200 cGy, far from the non linear response for this film and 
also from saturating dose. Dose rates in this study were low (~200 cGy/minute). The model also 
exhibits “saturation” behavior, albeit one that is relatively constant for large (not low) film 
sensitivity, RS (Equation 3) for sufficiently high ��or E/LET. 
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Generating an LET spatial distribution map requires high degree of spatial registration between 
the treatment plan, the Monte Carlo LET calculation, and the measured dose distribution. The 
beam edges and distal edge of the Bragg peak showed enhanced number of gamma 
exceedances probably due to these registration issues. 
 
This study confined its examination to the unscatterred, high energy primary protons. The 
current effort did not examine the scattered protons outside the main field. The scattered 
protons have very low energy but very high LET based on the Monte Carlo calculations (for 
example Figures 5a, 11c). To experimentally probe these low dose regions requires greater 
signal to noise from the radiochromic film and therefore greater proton exposure times  These 
low dose regions may also require further examination of the SND and to possibly other 
exponents, beyond the p=0,1 and other metrics. 
 
The techniques described in this study for measuring LET are unlikely to also be applied for 
photons. The minimum LET as determined using the polynomial fits exceed 1.1 KeV/micron 
corresponding to SND=0. The LET for therapeutic photons is < 1 KeV/micron, below the 
minimum measured LET in this study. However, dose distributions measured using photon 
beams directed parallel to the film therefore do not require corrections, as mentioned numerous 
times in the literature. 
 
From examining the profiles, it appears additional work is needed to evaluate high LET. 
Nevertheless, this study seems to have successfully measured LET as high as 8 KeV/micron, 
which is larger than the 5 KeV/micron using BANG gels (Lopatiuk-Tirpak et al. 2012). The far, 
distal edge of the LET distribution merits further investigation and requires a better 
approximation than Equation 4.The approach discussed in this study is more appropriate for 
high LET, albeit for the proximal side of the Bragg peak.  
 
This new tool can potentially measure and test LET in clinically significant configurations such 
as regions involving tissue heterogeneity. The radiochromic film, unlike the BANG gel may 
possibly be applied for measuring the LET in variable density regions by inserting the film 
between suitable phantom materials.  
 
Summary:  
 
Processing and analyzing radiochromic film in conjunction with treatment planning system is a 
viable method for the measuring LET. The modified film methodology provides a unique 
experimental areal LET measurement that can verify Monte Carlo measurements and support 
inferences from current point measurements of LET.  
 

Multchannel Dosimetry 
 
INTRODUCTION:  
 
Quantitatively determine an optimum image analysis procedure to mitigate inhomogeneities 
within the EBT2 film and from scanning for accurate absolute dose measurement deposited by 
an external radiation therapy beam. Multichannel dosimetry procedures were conceived, 
described, and quantitatively tested against single and dual channel dosimetry. 
 
BODY: 
 
Background 
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Experimental verification of the external beam therapy calculations that account for tissue 
heterogeneities within the treatment volume requires accurate and robust detectors over the 
relevant areas. Radiochromic film darkens upon exposure to radiation without further film 
processing 1. Radiochromic medium with its high spatial resolution and independent response to 
energy and particle type, and tissue equivalence can be a candidate as a two dimensional 
dosimeter for this application 1,2.  The high spatial resolution and sensitivity over extended 
spatial areas should provide an experimental platform for examining dose distribution 
perturbation due to tissue heterogeneity. The radiochromic films are tissue equivalent further 
promoting themselves as dosimetry materials. The EBT2 film 2 with the yellow marker dye was 
developed to reduce the spatial heterogeneity 2-10 due to manufacturing found in earlier versions 
of radiochromic film.  
 
There are technical issues and challenges that must be addressed and resolved prior to their 
application for dosimetry over extended spatial areas. First, a number of researchers 4-11 have 
been concerned about the uniformity of dose responses of the radiochromic film due to variable 
thickness/composition generated by the manufacturing process, including the newer film such 
as EBT and EBT2. In addition, spatially varying illumination of the exposed EBT2 film during 
scanning to digitize the film contributes to the inhomogeneous dose calculation. 
 
The recent advent of EBT2 radiochromic film has spawned a number of articles examining the 
new film’s properties and procedures for achieving optimal dosimetry. Digitization of the 
radiochromic film through scanning with a flatbed scanner and exploiting its ability to extract 
individual color components for the imagery was examined some time ago 12-13 and has become 
a standard procedure 14,15.  Common mode rejection (taking the ratio of images from two 
different color channels) was employed to buck out the effect of thickness/composition 
variations, in particular, Ohuchia 3 used the red and green channels. The manufacturer 
recommends using red and the relatively insensitive blue channels and these ratios were 
studied by Pawlicki et al. 4 and Alami et al..5. Pawlicki et al. 4 found that taking the ratio of red to 
blue was essential but conflicted with Alami et al. 5 who found that using the red channel 
achieved better results than using the ratio of red to blue channels.  Andres et al. 6 found that 
optimal dosimetry choice of red or green channels was dose dependent. McCaw et al 7 found 
some improvement but also some degradation using red to blue ratio to extract the dose from 
EBT2 film, depending on the analysis method. Devic et al.8 extended the range of the dosimetry 
by stitching the dose from the red channel for low dose, green for intermediate dose, and blue 
for higher doses. Devic did not use ratios of channels to extend the dose range and also 
minimize dose heterogeneity issues.  
 
Spatially inhomogeneous illumination for scanning the exposed film can also significantly 
degrade dosimetric accuracy, especially near the edges of the scan. This error is compounded 
by the level of dose exposure. Kairn et al.9 corrected the spatial heterogeneity by using spatially 
registered, unexposed film and used the red channel but only employed comparison of dose 
profiles, not gamma analysis. Richley et al.10 focused on mitigating scanner light scattering. 
Hartmann et al.11 used the red channel to examine dose heterogeneity among cut up slices of 
EBT2 film. Devic et al. 16 characterized the scanner inhomogeneity and its effect on dose 
distribution. Fiandra et al.17 and Sauer and Frengen 18 both provided a correction matrix for the 
scanner inhomogeneity using the red channel and they also incorporated dose levels into their 
corrections.  
 
To simultaneously and autonomously handle film imperfections and scanner illumination 
inhomogeneity, Micke et al.19 suggested a multichannel approach and found significant 
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improvements relative to employing a single red channel approach. The multichannel approach 
uses all three channels (red, green, blue) to extract a single dose for each pixel.  Micke et al. 19 
demonstrated significant alleviation of the spatial inhomogeneity issues. However, no equations 
were explicitly stated for the corrected dose at each pixel using the multichannel approach. It 
was not even clear whether an iterative search might have been employed to search for an 
optimal solution. Direct comparison with Micke et al.was therefore difficult and at best surmised. 
 
This paper examined and resolved each of these technical issues by systematically exploring a 
number of different dosimetry procedures for reducing the thickness/composition variations 
within the EBT2 radiochromic film. Specifically this study examined the relative benefits of using 
the various color channels (red, green, and blue) or combinations of ratios of channels not 
previously studied. Gamma analysis provided the quantitative discriminator among the various 
single, dual, and triple channels methods for calculating dose distributions relative to the dose 
distribution calculated from the treatment plan.  
 
Methods 
 
The overall methodology is summarized by the block diagram shown in Figure 1. The goal was 
to analyze the absolute dose distribution deposited by a 6 MV photon beam (field size is 10 cm 
x 10 cm at the isocenter) from a Varian 2100 linear accelerator (linac) directed parallel to an 
EBT2 film sandwiched between slabs of solid waterTM. The phantom was positioned at 100 cm 
Source to Surface Distance (SSD) and 200 cGy was delivered to dmax. The three sets of 
images (CT, ECLIPSE Treatment Planner, Radiochromic Film) must be compatibly 
manipulated. The CT image set was treated as the “base” image because the treatment plan 
used and was fixed to the CT image. The Varian ECLIPSE plan and the measured dose 
distribution derived from the radiochromic film were translated and rotated to match reference 
points or fiducial points (Spee-D-Mark) within the CT image. The spatial resolution (40 dots per 
inch or dpi) was set by the ECLIPSE treatment plan and the CT was resampled and the 
radiochromic film was scanned at the same spatial resolution.  
 
Gamma analysis compares the dose distribution from a standard such as a plan to the dose 
distribution form the test distribution. Gamma analysis (to be described in detail) requires input 
from registered dose distribution from the Eclipse treatment planning system and the dose 
extracted from the radiochromic films. In addition, this study, unlike many, applies the gamma 
analysis to selected regions such as regions of low scattered dose, plateau of high dose, and 
beam edges. Such an approach requires input of appropriate areas such as regions of interest 
(shown in Figure 1). In addition, the software development permits input of regions of interest 
form tissues in the CT, also shown in Figure 1. 
 
All custom software development regarding registration and algorithms for converting exposed 
images to dose distributions was developed using the Interactive Development Language (IDL). 
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Figure 1. A block diagram describing the procedures for comparing calculated and measured 
dose distributions 
 
CT Rotation 
 
 The analysis from exposing film and/or radiochromic film is often problematic due to possible 
presence of small air gaps between the film and the solid phantom. The phantom was scanned 
in the CT in the transverse orientation (Figure 2a) so that the weight of the phantom was 
pressed onto the radiochromic film. In this configuration, additional weight was added if needed 
to further reduce air gaps. The treatment table supported and remained in contact with the flat 
part of the phantom, a configuration that is not available for humans. The entire phantom was 
scanned with spatial resolution of 27.1 dpi, not just the expected treatment area because all CT 
slices (2 mm spacing) were used to reconstruct the image of the phantom in an orthogonal 
direction. Nearest neighbor averaging was used to fill in the regions between the slices. The 
reconstructed and rotated CT (coronal orientation, see Figure 2b) was resampled, again using 
nearest neighbor averaging so that the CT had a spatial resolution of 40 dots per inch, matching 
the ECLIPSE treatment plan dose distribution and the scanned radiochromic film image. CT 
skin markers placed at known distances were used to test the fidelity of the resampling and 
rotation process and found to be accurate to within less than a pixel (<0.64 mm). The rotated 
CT was expanded (to 1000 x 1000 pixels) to accommodate the ECLIPSE plan which had a 
treatment isocenter placed in the center of the image. Marked tapes denoting the CT marker 
positions were also placed on the phantom and were used to align the phantom during radiation 
exposure. 
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       a.                                                                        b. 
 
Figure 2a. Selected three slices (out of 145) of solid phantom in transverse orientation. CT skin 
markers shown in first slice. Arrow denotes plane shown in Figure 2b. Figure 2b. Rotated 
image (coronal) of solid phantom. Only single slice of plane abutting placement of radiochromic 
film for this study is shown. 
 
Scanning: 
 
The exposed radiochromic film was scanned, similar to earlier studies 12-16, with a CanoScan 
LiDE 700F flatbed scanner in reflection mode using 48 bit digital resolution to digitize the three 
color channels (Red, Green, and Blue) at a spatial resolution of 40 dpi to conform to the 
ECLIPSE treatment planning system. All correction options were turned off. The orientation of 
the film was noted 2 with a small cut in the upper right hand corner. All radiochromic film were 
positioned identically on the flatbed scanner, after noting the orientation of the film. The lot 
number for the exposed EBT2 was A11051002A.Radiochromic film were scanned 
approximately 24 hours after exposure. The EBT2 film are particularly insensitive to visible light 
2 but care is taken to minimize exposure to visible light. The radiochromic film grey-levels were 
converted to dose using calibration films. Smaller film (roughly 10 cm x 12.5 cm) were exposed 
to 0, 25, 50, 100, 150, 200, 250, 300 cGy placed perpendicular to the beam (10 cm x 10 cm 
field) sandwiched between solid waterTM slabs. In this configuration the monitor units equaled 
the dose in cGy and simplified the calibration procedure following procedures outlined in the 
report of Task Group 21. The 10 cm x 10 cm field exposed the solid waterTM phantom positioned 
at 100 cm source to axis distance and the film placed at dmax (1.5 cm), perpendicular to the 6 
MV photon beam from the Varian 2100 machine.  
 
The calibration films were scanned. An average grey-level was computed for each red, green, 
blue (R,G,B) channel using the central region (2 cm x 2 cm or roughly 1000 pixels) conforming 
to the most uniform dose. A Look Up Table (LUT) composed of the average grey-level (or ratio 
of grey levels) for each color channel was correlated with dose. The lines connecting the solid 
symbols in Figure 3 graphically shows the dose versus average detected intensity in the LUT for 
the red, green, blue channels. However, each pixel within the array may not conform to the 
average pixel due to differences in scanner illumination. So the dose extrapolated for the R,G,B 
channel (DR, DG, DB) respectively may differ from each other due to varying response for a given 
perturbation. The multichannel approach autonomously projected a correction to an expected 
common dose D based on the individual slopes and response of each channel.. 

145 slices 
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Figure 3. Calibration for converting grey levels to dose for red, green, blue channels. Optimized 
multichannel correction schematically shows the shifted extrapolated doses DR,DG, DB relative 
to optimized D based on local derivatives ak(i,j) (Eq 3, used in Multichannel approach) 
 
The test profile distribution was converted to dose through interpolating the LUT1,7. Globally the 
dose grey level functions are non-linear. Over small stretches of dose and grey levels, the 
calibration was essentially linear. In addition, using relatively low doses (<300 cGy) limits the 
degree of non-linearity of the LUT for EBT2. Higher doses beyond those used in this study will 
require a more refined calibration table to ensure linearity over the small dose and grey level 
intervals and possible higher order corrections beyond the first Taylor series approximation (Eq 
2) for the multichannel algorithm.. 
 
This study tested various schemes for converting grey-levels to reduce the effects of the 
heterogeneity. These processes are applied to the calibration imagery (for a new LUT) and the 
test dose distribution. The manufacturer 2 recommends for individual pixels located at 
coordinate i,j (in the horizontal, vertical direction, respectively), taking the ratio of the red 
channel R(i,j) to the blue channel B(i,j) from scanning the film with a flatbed scanner. Using the 
Beer-Lambert Law, the grey-levels are normalized by the unattenuated, constant light source I0 
from the flatbed scanner and the ratio of the logarithms are computed or  
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A similar ratio Green to Blue ratio was computed using the green channel 
 
Taking the ratio of the channel that is most sensitive to composition/exposure to one that is 
relatively independent of exposure but experienced the same dependence on 
thickness/composition to help suppress thickness/composition variations2-11 of the film. In 
practice, the blue channel response weakly depends on radiation exposure. This study 
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generated dose distributions using the red channel R(i,j)) alone, green channel G(i,j) alone, 
ratios of the red to blue channel and green to blue channel and hybrid version that combined the 
green to blue ratio for higher doses (above 80 cGy or 0.20 optical density and was likely 
scanner specific) to the red to blue ratio for lower doses. 
 
New Multichannel Approaches 
 
Another approach employed all three color channels to autonomously correct for local 
inhomogeneous spatial distribution in film thickness and scanner. This version of the 
multichannel approach independently varied the dose D and disturbance � (or channel-
independent perturbation, see Equations 2, 7) to search for the optimal dose at each pixel. This 
study proposed and found an equation for the corrected dose. Therefore the optimized dose 
was quickly computed at each pixel. The goal was to find a common and expected dose D 
derived from extracted red, green, blue channel doses. The algorithm applied a first order Taylor 
expansion to the dose due to a small perturbation (same for all channels) and minimized the 
cost function difference ��i,j� (Equation 2) between the projected 
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dose Dk�i,j�+ak�i,j� ��i,j� for each color channel k (red, green, blue) relative to the projected 
dose D. Dk�i,j��was the dose directly derived from the LUT for each color (i.e. R(i,j), G(i,j), 
B(i,j) for the red, green, blue channels respectively), ak�i,j��was the derivative  
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of the LUT for the kth channel (see Figure 3), and �(i,j) is the local perturbation (illumination, 
thickness) that affected all channels, and Ik was the intensity for a given channel, i.e. 
(R(i,j),G(i,j),B(i,j)). Interpolation was required to accurately determine the slopes or ak(i,j). D(i,j) 
was the corrected dose generated from solving the simultaneous partial differential equations 
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and resulted in the optimized dose D at pixel location i,j 
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The appropriate correction or “disturbance map” at each point was  
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Where the average dose Dave (i,j) was 
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And the weight for the channels wt(i,j) 
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and wt(i,j) ranged from 0<wt,< 1. If wt(i,j) was sufficiently small, then a valuable approximation 
for the corrected dose D(i,j) was 

 
EBT2 film was sandwiched between slabs of solid waterTM and exposed to 6 MV photon beam. 
Figure 4a. shows the rotated (by 90 degrees) uncorrected distribution from the single red 
channel. Figure 4b shows the optimized multichannel corrected dose distribution D(i,j). 
(Equation 6) Figure 4c shows the disturbance distribution �(i,j) (Equation 7) rotated by 90 
degrees. Note the stripes from thickness variations in the film in Figure 4a and are also seen in 
Figure 4c. Figure 4d shows the residual error in dose (Equation 2) 
                                 a.                                                                    b. 
 
 
 
 
 
 
 
 
 
 
                                      c.                                                          d. 
 
                                       c.                                                                        d. 
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Figure 4a. Rotated (by 90 degrees) dose distribution using red channel. 4b Corrected dose 
distribution.  D(i,j) (Equation 6) using the optimized approach. 4c shows the disturbance 
distribution �(i,j) (Equation 7) rotated by 90 degrees. Note the stripes due to thickness 
variations 4d Residual error in dose (Equation 2) 
 
Previous Multichannel Efforts 
 
Micke et al 19 recently suggested, tested, and broadly outlined a multichannel approach for 
correcting the inhomogeneities in the dosimetry process. The Micke et al. cost function differed 
from the multichannel process described in Equation 2. Following the approach of Micke et al., 
the cost function was 

3
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Due to the different cost function, Micke et al generated and applied a different disturbance 
factor than used in equation 11. Micke et al. also applied his analysis to the fitted optical density 
calibration, not to the raw grey level calibration described in this study. For the Micke et al. 
approach, only single derivative with respect to � might have been applied to Equation 11 (but 
not two derivatives as in Equations 4, 5)  
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The resulting shift �(i,j) might have been  
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In this formulation, each channel might have been treated equally and corrected using the 
procedure outlined above, i.e.  
 

 
 

The 
dose D 

might be generated by inserting the computed shift � (Equation 13) into the corrected average 
multichannel dose (Equation 14). This approach generated an identical dose distribution as that 
derived from Equation 6, although generated in a very different manner. 
 
Summary of Dose Determination Algorithms 
 
The list of conversion of grey-level processing algorithms is summarized in Table 1. The Table 
displays, names, a short description, and its associated equation. 
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Table 1: List of Grey-Level Processing Prescriptions 
 
Name Description Formula

Red Channel Red alone R(i,j)

Green Channel Green alone G(i,j)

Red to Blue Ratio Registered Red to Blue Ratio
(Equation 1) 

R/B(i,j)= 0

0

( , )log( )

( , )log( )

R i j
I

B i j
I

 

Green to Blue Ratio Registered Green to Blue 
Ratio 
(Equation 1) G/B(i,j)= 0

0

( , )log( )

( , )log( )

G i j
I

B i j
I

 

Hybrid Apply Green to Blue Ratio 
for higher dose and Red to 
Blue Ratio for lower dose

Hybrid(i,j)=R/B(i,j) + G/B(i,j) 

Average Average over all channels 
(Equation 8) 

Ave(i,j)=(1/3)(DRed+DGreen+DBlue) 

Optimize Multichannel Optimize correction using all 
channels (Equation 6) 

Opt(i,j)=(Ave(i,j)-
wt(i,j)�ak(i,j)Dk(i,j)/�ak(i,j))/(1-
wt(i,j))

 
Registration: 
 
Comparing experimentally determined dose distributions with the corresponding calculated 
treatment plan required precise registration between the two sets of images. The solid waterTM 
was placed on the CT imaging and treatment table in a configuration convenient for placing CT 
markers. These markers were used for registering the CT to both the treatment plan and the 
detected radiation dose distribution from the radiochromic film. The CT images were digitally 
rotated for convenient volumetric contouring for dose area histograms and gamma analysis. The 
rotated CT image was resampled to match the spatial resolution of the scanned dosimetric 
distribution and treatment plan. The treatment plan was calculated using the CT image in the 
customary fashion. The treatment plan planes were translated through triangulation of the 
treatment isocenter to the CT markers in the CT image. The radiochromic film imagery was 
rotated and translated to the CT images using two coincident points from the CT skin markers in 
the CT image and “tattoos” marked on the radiochromic film. 
 
This study used a “two-point” approach to translate and rotate the radiochromic film to the 
desired resampled CT slice. The common “pivot” point for the CT and radiochromic film was 
used to translate the radiochromic film and the radiochromic film image was then rotated about 
the pivot point. The average error in transforming the fiducial points (excluding the pivot) was 
1.39 pixels or 0.883 mm. On average, a similar error was expected for transforming all points 
within the radiochromic film image. 
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Treatment Plan Procedures: 
 
This study used Varian’s ECLIPSE treatment planning system to compute the expected dose 
distribution. The plan computed the dose distribution intended to deliver 200 cGy to dmax and 
the phantom was positioned at 100 cm SSD. The treatment plan was generated from the CT 
scan of the phantom. The external beam depth profiles from Varian 2100 6 MV photon beam 
that characterize the dose deposition in water were stored and used to compute the dose 
deposition. The external beam was checked on a daily, weekly, yearly timetable to ensure 
agreement with the current condition of the beam and the stored data. The ECLIPSE plan 
generated DICOM image files for the predicted dose along desired planes. The spatial 
resolution for the image dose was chosen to be 40 dpi, conforming to the resampled CT image 
and scan of the exposed radiochromic film. The isocenter for the plan was placed at the image 
center, by default. The spatial transformation of the treatment plan simply meant translating the 
isocenter, or image center to the isocenter of the CT scan that was marked by a CT marker. No 
rotation was applied to the treatment plan image. 
 
All registered images are shown in Figure 5. Figure 5a shows the rotated and resampled CT 
and the area of dose exceeding the 100 cGy within the treatment plan in magenta, the beam 
edge with doses ranging from 25 to 100 cGy in red, and scattered dose in yellow (5-15 cGy). 
The high dose gradients were extremely sensitive to misregistration between the plan and the 
experiments. Figure 5b shows the translated, rotated dose distribution derived from the 
radiochromic film. Figure 5c shows the translated ECLIPSE treatment plan. 
 
   
 
 
 
 
 
 
 
              a.          b.                                       c. 
 
Figure 5a shows the CT and the area of dose exceeding the 100 cGy (magenta), dose between 
25-100 cGy (red), dose between 5 to 15 cGy) the beam edge (yellow). Figure 5b shows the 
translated, rotated dose distribution derived from the radiochromic film. Figure 5c shows the 
ECLIPSE treatment plan. 
 
Quantitative Assessment of Agreement between Plan and Experiment (gamma analysis): 
 
The various methods for scanning the exposed radiochromic film, grey-level conversion to dose, 
and dosimetry procedures, were tested by comparing them to the treatment plan through 
gamma analysis 20-22. Gamma analysis examined the deviation of the treatment plan 
(considered to be the reference image) with the experimentally determined dose distribution at 
the pixel level. The gamma analysis procedure generated a difference image for the registered 
set of images and computed a “decision” surface with the geometry of a three dimensional 
ellipsoid. Calculated points that resided within the ellipsoid constitute good agreement between 
the treatment plan dose distribution and the experimentally derived dose. Conversely, points 
that appeared outside the ellipsoid are identified as areas of poor agreement or referred to as 
“exceedances” in this paper.  
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Figure 6a shows the gamma analysis display using the Red only processing. The white pixels 
show gamma values that exceed 1 and show regions of most serious disagreement between 
the plan and the experimentally derived dose distribution. Figure 6b shows exceedances using 
the optimized multichannel algorithm. Adding more channels such as the optimized 
multichannel algorithms for extracting dosimetry distributions reduced gamma exceedances 
from 8605 to 3110 (out of 74,312 pixels within the region of interest).(see Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   a.               b. 
 
Figure 6a shows the exceedances (depicted as white) for the gamma distribution from Red only 
processing. Figure 6b shows the exceedances for the gamma distribution from optimized 
correction. 
 
Results: 
 
The scanning, data processing, and phantom handling schemes were evaluated by computing 
the number of pixels within the treatment area having gamma values exceed 1 (see Table 2). 
The larger the number of these pixels, the poorer the agreement between the experimentally 
determined dose and the treatment plan. For this analysis, the ellipsoid axes were prescribed to 
the standard 3% of the maximum dose or 6 cGy (Dgamma) and 3 mm in horizontal, vertical 
directions (xgamma,ygamma). If this minimum gamma exceeded 1, then the experiment was ruled to 
disagree with the treatment plan. Table 2 lists the results of applying the standard red channel, 
green channel, the manufacturer’s recommendation for taking the ratio of red to blue channels 
(Equation 1), ratio of green to blue channels (Equation 1), the hybrid of green to blue ratio with 
the red to blue, Optimized multichannel (Equation 6) and averaged multichannel algorithms 
(Equation 8). The analysis examined the entire area, high dose regions, scattered dose, and the 
beam edge. The best agreement occurred in the relatively homogenous dose regions (high 
dose, scattered dose) and was weak in the high dose gradient and where a high degree of 
registration was required for accurate dose measurement. 
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Table 2. Gamma analysis fraction of exceedances (%) of total of pixels and scanning, image 
processing, region conditions 
 
Name      Total 

5 - 300 cGy 
      (%) 
(74,312 
pixels) 

“High” Dose
 100 - 300 cGy 
         (%) 
(38,329 pixels) 

  Scatter
 5 - 15 cGy 
     (%) 
(26,307 
pixels)

 Beam Edge
 25 – 100 
cGy 
      (%) 
(6679 pixels)

Red  11.6 14.7 5.3 28.3 
Green 10.9 11.7 7.7 31.2 
Red to Blue  6.3 6.0 5.2 21.6 
Green to Blue  4.8 2.8 5.5 21.7 
Hybrid Ratios 4.7 2.8 5.3 21.7 
Optimized Multi 4.2 2.0 5.1 22.0 
Average Dose 4.1 1.6 5.2 23.0 
 
Although only an approximation, the average dose algorithm appeared to generate few 
exceedances (Table 2) relative to other algorithms. The computed weight (equation 9, Table 3) 
was low for all doses in this study. The small values for the weight factor  wt (Table 3) implied 
that the average dose derived from the three color channels provided a valid approximation for 
the more exact analysis (Equation 6). The blue channel calibration curve was almost orthogonal 
to the red and green channels for most dose levels used in this study (see Figure 3). 
 
 Table 3 Weight factors (wt) (Equation 9) for the dose ranges in the optimized multichannel 
.algorithm 

Dose Range (cGy) Weight (Wt)
  0.0-25.0        0.108
 25.0-50.0        0.0153
 50.0-100.0       0.0012
100.0-150.0      0.0235
150.0-200.0       0.00939
200.0-250.0       0.0822
250.0-300.0       0.206

 
Some general observations can be inferred from the gamma analysis. Processing with the 
green channel usually performed as well or better than the red channel. Using the blue channel 
required image averaging to sufficiently reduce the temporal noise. 
 
Summary: 
 
This study generated procedures and algorithms for accurately determining doses and 
compared the treatment planning dose distributions calculated from the planning system and 
measured from the EBT2 radiochromic film. Specifically, this study developed algorithms that 
handled issues of thickness/composition heterogeneity within the radiochromic film due to the 
manufacturing process on dose distribution and also reduced the effects of inhomogeneous 
illumination during the scanning of the EBT2 film. This methodology avoided using 
cumbersome, registered correction matrices. 
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This study conceived and tested the new hybrid combination of green to blue ratio to the red to 
blue ratios. Also this study proposed and tested a multichannel dose determination algorithm. 
Averaging the test image mitigated temporal noise in the blue channel and the reduced noise is 
essential for implementing blue channels in ratio and multichannel algorithms. This study 
explicitly described the algorithm and found a closed form (Equation 6 and 8). Micke et al. 19 did 
not explicitly state the corrected dose and disturbance and so it was difficult to directly compare 
this effort with the results from Micke et al. 19. Micke et al. used a different disturbance map and 
also employed a fitted optical density, not the raw grey levels to extract doses from each 
channel. This study also compared the multichannel algorithms to those using two channels or 
channel ratios, not just to a single channel. The hybrid combination of the channel ratios 
performed at a similarly high accuracy level. The multichannel average (Equation 8) of the 
recorded doses taken from each channel performed well for this flatbed scanner operating in 
reflection mode. However, the high performance using the multichannel average may be due to 
the low weight factor and can be attributed to the blue channel calibration curve being almost 
orthogonal to the red and green channels for most dose levels used in this study 
 
This study employed gamma analysis to compare processing schemes for measuring the 
absolute dose distributions from EBT2 radiochromic film. This study examined doses deposited 
parallel to the external beam, not perpendicular to it, as in most other efforts. In this study, the 
green channel generally performed as well or better than the red channel for this flatbed 
scanner. Pixel level corrections using channel ratios and multichannel approaches resulted in 
substantial improvement. This pixel level correction was efficient and the calculations were 
quick (less than 5 seconds) The speed of the calculation for each pixel was attributed to using 
the closed form (Equation 6) rather than iteratively searching for an optimal solution. The 
multichannel approach required three channels but also used the derivative of the look up table 
as input. 
 
There were several additional features discussed in this study. To reduce the air gap between 
the film and solid waterTM, the phantom was scanned in a geometry that permitted compression 
without applying a bulky vice. The CT imagery was resampled and rotated for generating the 
desired regions of interest for gamma analysis. Due to the absence of bulky devices, the entire 
radiochromic film was simply inserted between slabs of phantom without requiring cutting the 
film to conform to the shape of anthropomorphic phantoms. In addition, the “two point” 
registration permitted registration among the CT imagery, treatment plan, and film dosimetry 
without assuming that the phantom and film were aligned during CT scanning. 
 

Organ Motion 
 
Jessica Sheehan / Arnaud Belard 
 
INTRODUCTION: 
In the United States, lung cancer is the leading cause of cancer deaths and the second most 
diagnosed cancer for both men and women. Lung cancer is typically classified as either small 
cell or non-small lung cancer.  Radiation therapy is commonly delivered in combination with 
other modalities for a large number of patients with either small or non-small cell lung cancer. 
Radiation therapy utilizes ionizing radiation targeted locally to damage cancer cells in a manner 
that often leads to cell death; however, damage to normal tissues also occurs.  
 
Accurate treatment of a patient’s cancer while attempting to minimize damage to normal tissues 
is complicated by the presence of organ motion, with lung motion being the most formidable. 
Techniques to mitigate (ceasing the motion) or remove (gating of the treatment) the effects of 
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motion are employed in an attempt to minimize the damage and exposure of healthy tissue to 
radiation without compromising the treatment of the patient’s cancer. Thus, for a radiation dose 
to be deposited effectively to the treatment site, tracking of the motion and adjusting delivered 
radiation is desired. The development of this technique requires a dynamic lung phantom that 
mimics human breathing, matches lung tissue density and heterogeneity, and can incorporate 
lung tumors for analysis.  
 
This study designed, constructed, and is assessing a dynamic lung phantom for the use in 
radiation treatment verification. The dynamic lung phantom was designed to be progressively 
tested, permitting experimenters to examine healthy lungs and lungs with a tumor (varying 
locations possible). 
 
BODY: 
 
A custom inflatable was commissioned from Jet Creations.  Several iterations of the inflatable 
have been produced and reviewed. Figure 1 shows a digital imagine of the latest version of the 
inflatable, however the next iteration is currently in production. Below outlines the various 
research phases that will followed to best utilize the custom inflatables once suitable lungs are 
produced. Testing of the implementation of these phases is being conducted on the imperfect 
inflatables to perfect the method.  
 

 
Figure 1: Digital Image of Custom Inflatable 

 
Phase 1: Motion Exclusive Analysis 
 
This phase would consist of limiting the analysis to lung motion of the dynamic phantom lung. 
The gafchromic medium would be placed externally on the phantom to determine accuracy of 
spot dosing, collect control data for future research, and foster understanding of the accuracy of 
predictive models with organ motion.  
Figure 2 shows the dynamic lung phantom with externally placed gafchromic medium. Several 
locations are chosen to enhance understanding and robustness of the data sets generated. The 
locations should coincide with desired locations of tumor sites in later phases of this research. 
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Figure 2: Dynamic Lung Phantom with Gafchromic Medium 
 
Phase 2: Motion and Tumor Exclusive Analysis 
 
Follow up research in phase 2 would incorporate the addition of one tumor site, centered to 
mimic the highest statistical location of a lung tumor.  Two potential placement methods exist for 
the gafchromic medium for this phase, with the potential of utilizing both for robustness of data 
collection if desirable. Figure 3 a. and b. shows the two distinct methods of placing the 
gafchromic medium within the tumor. 
 
 

                 
                                             a.                                     b. 

Figure 3: Dynamic Lung Phantom with Centered Tumor Site: a.) Gafchromic Medium within 
Tumor Placed Horizontally and b.) Gafchromic Medium within Tumor Placed Vertically 

 
Figure 3 a. demonstrating the horizontal to beam path placement, and Figure 3 b. showing the 
perpendicular to beam path orientation. The external gafchromic medium from the previous 
phase is shown to remain, and could be used to determine how the presents of a tumor affects 
these sites and predictive modeling accuracy.           
Phase 3: Heterogeneous Tissues and Tumor Analysis 
 
Phase 3 furthers the similitude of the dynamic phantom to human anatomy by including material 
to represent the heterogeneous lung tissue that would exist between the outer lung layer and 
the tumor. Figure 4 shows the centered tumor site with the addition of a piece of cork between 
the tumor and the outer lung layer. For robustness multiple materials can be used to generate 
comparison data, as well as the potential to layer the materials between the outer lung layer and 
tumor for increased accuracy.  
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Figure 4: Dynamic Lung Phantom with Centered Tumor Site with Heterogeneous Tissue 

Material 
 
Phase 4: Secondary Site Tumor Analysis 
 
To further the understanding of how the tumor location affects lung motion and predictive 
modeling accuracy, a secondary tumor site can be chosen. Figure 5 shows the secondary tumor 
site in the upper left quadrant of the left lung. Once these sites are incorporated, they must 
remain, but the tumor and heterogeneous lung tissue material can be removed. Again, the 
external gafchromic medium has been left to continue to collect control data and determine the 
differences between motion and modeling when: no tumor is present, a centered tumor is 
present, a centered tumor is present with heterogeneous lung material, and a non-centered 
tumor site exists.  
 

 
Figure 5: Dynamic Lung Phantom with Secondary Tumor Site 

 
Phase 5: Secondary Site Heterogeneous Tissues and Tumor Analysis 
 
Phase 5 would be a replication of phase 3 with the non-centered tumor site. Figure 6 shows the 
addition of the heterogeneous lung tissue material.  
 

 
Figure 6: Dynamic Lung Phantom with Secondary Tumor Site with Heterogeneous Tissue 

Material 
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Phase 6: Dual Tumor Site Analysis 
 
This phase would determine the effects of multiple tumor sites on lung motion and predictive 
modeling accuracy. Figure 7 shows the centered and secondary tumor sites with the external 
gafchromic medium for robustness. This phase would be a repetition of phase 2 or phase 4 with 
multiple tumor sites.  
 

 
Figure 7: Dynamic Lung Phantom with Dual Tumor Sites 

 
Phase 7: Dual Heterogeneous Tissues and Tumor Site Analysis 
 
Phase 7 incorporates the heterogeneous lung tissue material with multiple tumor sites. Figure 8 
shows the addition of the cork pieces representing the lung tissue. This phase will show how the 
dual tumor sites interact with the addition of dosing through the heterogeneous lung tissue 
material, with the external gafchromic medium as references.  
 

 
Figure 8: Dynamic Lung Phantom with Dual Tumor Sites with Heterogeneous Tissue Material 

Potential Other Phases 
 
In addition to the steps of research outlined previously, research could be conducted on the 
right lung implementing any or all the phases. This would be additional data that would foster 
greater understanding of lung motion and predictive modeling since it anatomically is unique 
from the left lung.  In addition, some combination of tumors on both halves of the lungs could be 
examined.  
 
Creation of Tumor Sites 
 
The creation of the tumor sites needs to be impermeable to air and potentially water. Careful 
implementation of these sites is necessary to ensure repeatability and usability of the dynamic 
phantom lung. Figure 9 shows the assembly of the tumor site using a hex nut to create pressure 
between the cap screw and sealant creating an impermeable seal.  
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Figure 9: Schematic of Tumor Site 

 
After several iterations of custom phantom lungs, a suitable lung set was created for the 
dynamic lung phantom. The final version of the inflatable lungs, as seen in Figure 9, has a 
centered seam that was not part of the initial design. Despite being an unforeseeable addition, 
the surface seam does not interfere with the motion of the dynamic lung phantom or the imaging 
that will occur during use. Since each subsequent set of lungs will require additional funds, 
testing is being conducted on the multiple sets of unsuitable inflatable lungs provided by the 
company. This will allow the techniques of creating the motion, attaching/detaching the tumor, 
and adding representative tissue material to be perfected before any additional modifications 
are made to the suitable lung set. 
 
 

 
 

Figure 9: Custom inflatable lung set 
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Figure 10: Inflatable lung with addition of centered tumor site 
 
Figure 10 shows the addition of a centered tumor site, using the methods previous outlined, 
revealing an impermeable seal can be created and a tumor site can be placed far from the 
opening. Figure 11 shows the addition of the representative tumor, black sphere, to the 
inflatable lung setup. Research continues to follow and improve upon the procedures outlined 
previously for modifying the inflatable lung setup and creating a fully function dynamic lung 
phantom with tumor sites.  
 

      
 

Figure 11: Inflatable lung with centered tumor site and tumor 
  
An additional pump was purchased that match the flow specifications, and will be used in the 
assembly. Construction of the dynamic continues using the samples provided the company to 
perfect assembly and installation. New projects have been developed to further investigate 
organ/tumor motion by creating coupled by independent motion of both the dynamic lung set 
and the embedded tumor using spare pumps.  
 
Through an extensive literature a great interest in analyzing tumor motion separate from organ 
motion exists in the field. A twofold research effort has been devised to properly create the 
synced motion between the tumor and organ. This will be achieved through using the dynamic 
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phantoms coupled with an inflatable tumor that has independent tubing and pump supply to 
create the expansion and contractions that occur locally to the tumor due to the motion of 
breathing, Figure 12.  
 

 
Figure 12: Tumor and Organ Motion Setup 

 
This new project could easily lead to collaborations with Dr. Segars from Duke University, whom 
developed a digital phantom based on real patient data that can generate tumor and organ 
motion which could verify the mechanical phantom. Although the correct motion has not been 
developed in mechanical phantoms being currently researched by various other groups, another 
more interesting research avenue exist to properly monitor the tumor motion for real-time 
adjustment to radiation treatment. Many groups have developed tracking using  algorithms and 
sensors; however, work to non-invasively monitor real-time motion in patients is the new target 
research path. Many groups are developing enhanced resolution imaging systems that reduce 
radiation doses that could be used to monitor tumor motion without markers or seeds. Research 
discussions are being conducted with several groups with various enhanced imaging techniques 
to determine collaborations and deepen understanding of this as a potential method of live 
tracking tumor motion during patient treatment.  
 
In this context, a 3-D motion table was specified and purchased to generate comparison data. 
The data will be used to verify the dynamic lung phantom, and ultimately a comparison between 
the two methods will be conducted. The table was received but required addition components to 
be operational, as well as understanding of the proprietary program language used to command 
the motion of the table. The table is generally used for optical research, and standard optical 
tables come with tapped and drilled holes of a specific size. Since the use is non-traditional for 
this table, a platform was necessary to attach to the table for use.  
 
 

 
 

Figure 12: Three dimensional motion table setup 
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Figure 12 shows the three dimensional motion table setup with the addition of the base plate. 
The programming language is specific to the company the motion table was purchased from, 
and is not trivial to master. However, several sample programs have been written and tested. 
The code to create the synchronized motion between all three dimensions to mimic breathing is 
still being developed.  Both the dynamic lung phantom and the 3-D motion table 
experimentation were found to be useful in collaboration with Dr Segars’ (Duke University) 
digital phantom known as the XCAT.  
 
Several research teleconferences were conducted to find possible synergies between the two 
groups’ work. It was determined that a comparative study between digital and physical 
phantoms could be conducted. Currently, examination of the XCAT phantom’s codes is being 
conducted to foster understanding and enhance collaboration. Due to the procedures already 
set at WRNMMC through the collaboration with the University of Pennsylvania, it was decided 
that testing of all phantoms would be conducted at the WRNMMC site.  
 

Telemedicine 
 

INTRODUCTION: 
A major goal of phases IV and V was to develop a point-to-point and multi-point Remote Proton 
Radiation Therapy (RPRT) solution to 1) allow Walter Reed (WRAMC/WRNMMC) physicians to 
remotely plan treatments for patients and 2) conduct video-conferences with their counterparts 
at the Hospital of the University of Pennsylvania (HUP) to optimize/validate plans. Once tested 
and implemented, the solution was to be optimized and expanded to other satellite clinics within 
the Military Health System (MHS).  
 
BODY: 
1) Remote proton treatment planning 
 
1.1)  Pre-BRAC (WRAMC) 
 
Over the life of this grant, the search for a robust application-sharing tool to power our remote 
treatment planning solution has presented us with several challenges. Initially encouraged by 
the Directorate of Information Management (WRAMC-DOIM) to use Polycom PVX as a simple-
to-use and cost-effective platform for the sharing of remote applications, we were then steered 
towards Defense Connect Online (DCO), a DoD-managed version of the popular Adobe 
Connect application. 
 
Along the course of evaluating this package, we were told by DCO that due to sessions being 
recorded and stored (with data potentially accessed by non-HIPAA certified staff), the use of this 
platform as a virtual medical simulation tool would have to be suspended until the HIPAA issue 
could be addressed appropriately. Numerous exchanges took place between our group and 
DCO as we constantly engaged them on the possibility of using this particular platform for data-
collaboration (other military treatment facilities have expressed interest in using this web-
collaboration tool for clinical use so there seems to be MEDCOM-wide interest). The benefits of 
this existing solution were many (free, flexible, DOD-managed/sponsored, meets our 
‘application-sharing’ requirements) and we felt confident we could make a case to either 1) have 
monitors receive HIPAA training or 2) receive an outright exemption from monitoring. 
Unfortunately, our efforts yielded little traction and we were thus forced to look to another 
alternative, one which would not only meet the security requirements of the DoD but also be 
HIPAA-certified. 
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Following a demonstration by Varian Medical Systems (provider of the Eclipse treatment 
planning package used for both conventional and proton radiation therapy), our program settled 
on the CITRIX solution to power the application-sharing portion of our telemedicine solution: 
 
i) Ability to securely transfer CT sets from the local workstation (where the CITRIX client is 
activated, i.e. at WRAMC) to the remote workstation (where the patient plan will be generated 
and stored, i.e. at Penn); 
 
ii) Ability to connect to the Penn workstation to engage in the remote treatment planning of DOD 
patients, as stated in the grant’s research goals; 
 
iii) Ability to application-share with the remote site (resolving, in an ad-hoc manner, planning 
and/or setup discrepancies). 
 
The system was purchased in the first quarter of 2010 and subsequently delivered/installed at 
the UPHS Data Center in Newark in May. In parallel, the CITRIX client, a key component of the 
application-sharing solution, was installed on all providers’ PCs and a ‘shared drive’ (onto which 
DICOM-RT sets were to be transferred from WRNMMC to UPenn) was configured.  
 
The DoD proton calculation engine was transferred to HUP earlier this year. Following lengthy 
exchanges between the Army contract representative and the provider of the system (Varian 
Medical Systems), the transfer of licenses (needed for proton planning) and the maintenance of 
the workstation off-site was also arranged. This solution is presented in Figures 1 and 2 below. 
 

 

 
 
 

Figure 1 – Citrix powered solution (a) 
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Figure 2 – Citrix powered solution (b) 
 

 
As our Program readied the migration of its RPRT solution to WRNMMC (in the context of the 
BRAC), we were instructed by the National Naval Medical Center’s Responsible Conduct of 
Research Service (RCRS) that the Data User Agreement guiding the use of the telemedicine 
solution between the two institutions would need to be folded into a comprehensive Navy 
Cooperative Research and Development Agreement (N-CRADA). Although the N-CRADA was 
not required for the work being conducted under this cooperative agreement, it was enforced by 
NNMC on the basis that DoD physicians and their proton patients would be involved in clinical 
trials run jointly with a civilian institution.  
 
The development of this CRADA, with its associated Data Sharing Agreement and  Security 
System Verification (SSV) questionnaire, took many months to finalize, thus delaying the 
operational launch of the RPRT system to treat DOD patients enrolled under joint proton clinical 
trials.  
 
1.2) Post-BRAC (WRNMMC) 
 
In December of 2012, a few months after the merger between WRAMC and NNMC, the 
Program was informed by the University of Pennsylvania Health System (UPHS) that the Junos 
client (Juniper) would replace the CITRIX Access Gateway (CAG) for VPN access. This 
decision to switch the ‘client’ was communicated to us abruptly (i.e. 24-hour shutoff window). 
With the help of the RadOnc IT staff, we made the case to UPHS that, Junos not being 
approved for deployment on a DoD network, a postponement was needed; an extension to 
MAR 01 2012 (three months) was granted.  
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We quickly identified that Junos was not approved for deployment on a DoD network ; however, 
the Juniper Net Connect client, a suitable alternative, was. Reaching to WRNMMC Information 
Technology Department (ITD), we quickly worked on getting this solution up-and-running, 
before the termination date of the CAG (FEB 29 2012). 
 
Initial requests to have the client installed on all provider PCs, to include physicians, medical 
physicists and dosimetrists, were denied by WRNMMC ITD. Security concerns were raised. Our 
program floated the idea of having a single PC, to be placed on the DMZ, configured as a ‘jump 
box’, from which providers could launch the Juniper Net Connect Client and remotely access the 
proton treatment planning package at the University of Pennsylvania. This approach was 
approved and subsequently configured over the course of several weeks (Figure 3). 
 
 

 
 

Figure 3 – RPRT connectivity logical diagram 
 
 
While the solution does work today, it 1) forces users to work from a unique location when 
planning a proton plan remotely, and 2) does not integrate with our existing infrastructure since 
the ‘jump box’ does not touch the network (i.e. any treatment data has to be burned on a CD 
and manually transferred). This was, and continues to be, a major downgrade from the solution 
we had deployed at WRAMC (CITRIX-powered solution residing on all providers’ PCs, 
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themselves paired with audio-videoconferencing units). System-performance under these new 
conditions was initially erratic (intermittent disconnection) but has since become much more 
stable.  
 
 
2) Audio-video conferencing support 
 
During the period of performance of this sub-award, eleven Tandberg units were acquired and 
deployed to locations likely to be involved in remote proton radiation therapy planning, now and 
in the future: National Naval Medical Center (NNMC), Walter Reed Army Medical Center 
(WRAMC), Madigan Army Medical Center (MAMC), Brooke Army Medical Center (BAMC), 
National Cancer Institute (NCI), and HUP. With the merger of WRAMC and NNMC in SEP 2011, 
some of the units were consolidated at the newly renamed Walter Reed National Military 
Medical Center (WRNMMC). 
 
Full bilateral connectivity between WRAMC/WRNMMC and HUP remained a problem 
throughout the course of phases IV and V and was not fully addressed until Q1 of 2013. Initial 
problems were attributed to a configuration setting with the long-distance carrier HUP was using 
for outbound/inbound ISDN calls.  
 
Multiple tests were conducted during the course of 2010, involving not only Walter Reed and 
HUP, but also Polycom, RoData (provider of the RMX2000 videoconferencing bridge), Criticom 
(provider of the Tanderbg 1700 MXP desktop VTC units), and USAMITC engineers. Per a 
request communicated by both  RoData and Polycom, logs of calls placed by both institutions 
were captured and transmitted. We were subsequently asked to disable some of the features of 
the units to identify which of the protocols was/were causing the video transmission issue. 
H.239 (content-sharing) and H.264 / H.263 (transmission protocol for audio-video transmission) 
were disabled sequentially. We did achieve complete connectivity using the much older H.261 
protocol, but the video-quality was sub-optimal. 
 
To eliminate yet another potential cause, both Walter Reed and HUP upgraded their Tandberg 
1700 MXPs and RMX2000 MCU to the latest software version (respectively 8.2 and 2.0). 
Subsequent tests showed that the upgrade had no meaningful impact on connectivity (i.e., the 
majority of calls still failed to produce incoming video for HUP). Further testing, this time 
involving engineers from the USAMITC bridge, offered a possible cause. According to the 
release notes for the CODIAN gateway 2.0, bug ID 2867 could explain our inability to have full 
connectivity. During this latest series of tests, logs were again captured and subsequently sent 
to the Tandberg development team (escalated to Tier 3 at Polycom as well). The ‘bug ID 2867’ 
entry is being inserted here for reference. 
  
A subsequent update from Tandberg indicated the development team was able to replicate the 
issue in its own lab, and was now working with Polycom to address the problem.  
 
With the merger of WRAMC and NNMC, the Tandberg 1700 MXP units transferred to the Walter 
Reed National Military Medical Center (WRNMMC) were initially not supported by the 
Information Technology Department (ITD), following guidance by the Joint Task Force (JTF) 
Chief Information Officer (CIO). At hand was the issue of the units not being owned by 
WRNMMC but by the Henry M. Jackson Foundation for the Advancement of Military Medicine 
(HJF). This lack of support prevented us from maintaining the units and assisting with 
troubleshooting. 
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The Program made the case that these units were purchased and deployed as part of a 
comprehensive remote proton radiotherapy treatment planning solution and that the design, 
testing and deployment of this system is one of the deliverables of our $43 million, seven-year 
on-going, research effort linking the Radiation Oncology departments of the University of 
Pennsylvania and the Walter Reed Army Medical Center (now the Walter Reed National Military 
Medical Center). The Program further articulated that this solution relied on our physicians' 
ability to conduct ad-hoc 
videoconference calls with their counterpart(s) at HUP, should problems occur during the 
planning of treatments and/or during the setup of patients (i.e. minutes before radiation 
treatment is to be delivered).  While these units were indeed owned by the HJF, we argued they 
were purchased via a DoD research grant to fulfill a patient-care objective at this MTF. In 
addition, the units were certified by the Joint Interoperability Test Command (JITC), patched to 
the latest version, and under a maintenance contract until DEC 2013.  
 
During the following months, the JTF CIO instructed his team to look into the matter. Following 
numerous exchanges, an agreement was reached to support these units. Realizing this 
telemedicine solution is integral to the care of cancer patients receiving proton radiotherapy, the 
ITD agreed to troubleshoot connectivity issues as they arose, to include gatekeeper/gateway 
registration with USAMITC.  
 
During the course of the summer of 2012, our ability to connect was hindered Walter Reed 
Bethesda experienced a faulty network card, preventing ISDN calls from the outside (using the 
210.250.xxxx prefix). This particular issue was eventually addressed and we now have the 
ability to once again conduct audio-video teleconferences with outside institutions. 
 
Robust connectivity with the University of Pennsylvania’s Radiation Oncology Department was 
finally resolved in the Q1 of 2013, following an upgrade of HUP’s VTC system (to include a 
dedicated ISDN line). 
 

Neutron and Microdosimetry of the Proton beam 

Introduction 
One goal of phase IV was to develop and implement radiation dose measurement devices to 
characterize the secondary radiation produced by proton interactions in the patient and in the 
beam modification devices that are used to deliver a therapeutically accurate and useful proton 
beam.  The secondary radiation outside of the treatment volume of a proton field consists 
primarily of gamma and neutron radiation. Gamma ray and neutron radiation is known to have 
different biological effects relative to Cobalt-60 or x-ray radiation (RBE). The effects of proton 
induced gamma ray radiation on biological tissue are not strongly sensitive to the energy 
spectrum and have a RBE very nearly equal to 1 since the quality of this radiation is equivalent 
to the Cobalt-60 and x-ray baseline radiation. However, the RBE of neutron radiation depends 
strongly on the energy spectrum and patterns of microscopic energy deposition. Physical 
characterization of the neutron field is vital to understanding the role this radiation can have in 
adverse biological effects and this relies on measurements of absolute dose deposition and 
microdosimetric measurements of the spatial and temporal patterns of dose deposition in 
volumes approaching the micron (ie. 10-6 m) dimensions relevant to biological cells. 
 
1 Microdosimetry 
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1.1 Microdosimetry Detector 
We have constructed a tissue-equivalent proportional counter (P. Kliauga 1995) to be used for 
measurements of the lineal energy spectra of neutrons in the proton Bragg peak and 
surrounding volumes.   The detector is a miniature tissue-equivalent proportional counter 
(TEPC) and is based on a design (Burmeister 1999) with an active counting volume consisting 
of a 2.5 mm right cylinder with volume 12.27 mm3.   A diagram depicting a cross sectional side 
view of the cylindrically symmetric detector is shown in Figs. 1 and 2.  The detector consists of a 
thin-shelled aluminum capsule about 40 mm long and 9 mm in diameter attached to a long 
aluminum stem.  A 10 µm diameter wire forms the anode of the proportional counter inside the 
thin aluminum shell.  The cathode is constructed of A-150 tissue equivalent plastic.  The anode 
wire runs through glass capillary tubing that is inserted into stainless steel field tubes that define 
a uniform electric field within the detector’s 2.5 mm right circular cylindrical active area, Fig 3.  A 
propane based tissue-equivalent (TE) gas (ICRU 1983) fills the active counting volume at a 
pressure determined by the desired simulation diameter X according to the equation, Xρtissue = 
Dρgas. Where D is the detector active volume diameter and ρtissue, ρgas are tissue and TE gas 
densities. 
 

 
Figure 10. Cross sectional view of the cylindrically symmetric TEPC. 

 
Figure 11. Cross sectional diagram of the active area of the TEPC. 
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1.2 Data Acquisition Electronics 
The TEPC is a proportional counter that responds to a charged particle passing through its 
sensitive volume by producing an analog current pulse with charge integral which is proportional 
to the energy deposited in the sensitive volume.  The pulse is amplified in a charge sensitive 
pre-amplifier and processed with an analog pulse shaping circuit.  The resulting voltage pulse 
(Fig. 4) has amplitude proportional to the ionization in the detector and the pulse is shaped to 
minimize pile-up.  The amplified and shaped pulses are digitized using a high-speed sampling 
ADC (National Instruments Model PXI-5105) residing in a PXI chassis which is connected to the 
PCI bus of a dual core notebook computer, Figs. 5 and 6.  The digitizer card samples up to 8 
channels simultaneously at a rate of  60MS/s. The graphical programming environment 
LabVIEW (National Instruments Corporation) is used to control the digitizer card and develop 
the data acquisition software.  This software controls the digitization of analog pulses in the 
digitizer card, acquires the digitized pulses to disk, and extracts the amplitude from the digitized 
pulse.  The amplitudes are calibrated in software and are displayed in a histogram to depict a 
lineal energy spectrum.  
 

 Figure 4. Representative voltage pulse after digitization. 

Figure 3. Completed TEPC shown with the aluminum shell removed. 
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1.3 Data Acquisition and Analysis Software 
The LabVIEW programming environment automatically parallelizes code and this feature was 
used to increase the throughput of the data acquisition system.  A producer/ consumer 
architecture running in parallel is used to acquire and process analog pulse data.  Data 
acquisition is performed in a producer loop running on one processor core, which places the 
digitized waveform in a buffer.  The buffer is emptied by a consumer loop running in parallel on 
the second processor core writing the waveform to disk.  This parallel software architecture has 
allowed us to attain maximum continuous pulse acquisition rates of up to 26 kHz.  The 
limitations of the TEPC, digitizer board and PCI bus are considerably higher, around 100kHz, so 
an optimization of the acquisition routine has the potential to substantially improve the count 
rate capability of this system.  The acquisition software records the digitized detector signal to a 
file written in binary format and simultaneously extracts pulse height and timing information.  
Pulse height histograms can be displayed in a separate LabVIEW program while data is being 
acquired.  Alternatively, the recorded binary files can be read in and pulse height histograms 
and timing information are extracted and displayed using Matlab (The MathWorks, Inc.) scripts.  
 
 
 

Figure 6. Electronics rack housing the pulse processing and 
analysis electronics. 

Figure 5.  Diagram depicting the detector operation and pulse processing 
electronics. 
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1.4 Charged Particle Veto 
When a neutron interacts within the TEPC active volume the dominant physics process is 
primarily elastic scattering with protons in the tissue equivalent gas or plastic (Knoll 2000). 
These collisions can transfer up to the total kinetic energy of the neutron to a secondary proton. 
This secondary proton can then ionize the gas in the detector volume. Consequently, the 
response of the detector to proton radiation is indistinguishable from neutron radiation.  This 
ambiguity can be resolved by using a proton veto detector in conjunction with the TEPC. The 
general concept is to surround the TEPC with another detector or array of detectors that are 
relatively insensitive to neutron radiation compared to its response to proton radiation.  A proton 
detected in the veto detector in timing coincidence with a signal originating from the TEPC can 
then be discarded, Figs 9 and 10. The result is the ability to separate the portion of the lineal 
energy spectrum due to primary protons from the part due to protons secondary to neutrons.  
Two 300µm thick fully-depleted transmission-type silicon surface-barrier detectors will be used 
as veto detectors in conjunction with the TEPC. 
 

Figure 9. LabVIEW block diagram of the data acquisition software. 
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1.5 Microdosimetry measurements 
The TEPC was filled with a low pressure propane based tissue equivalent gas mixture to 
simulate a 2 μm tissue volume. A proton beam with field size 10 cm x 10 cm, range of 25 cm, 
and modulation 10 cm was prepared and delivered into a stack of solid water plastic slabs 
totaling 30 cm in thickness. The TEPC was placed between the solid water plastic slabs at 
depths of 22 cm, 24 cm, and 25 cm. Spectra were acquired at these positions using the 
LabVIEW based data acquisition and analysis system that was developed in previous quarters. 
The pulse signal produced by the TEPC, operated with an electrical bias of 800V, was amplified 
in a Canberra model 2006PC pre-amplifier connected directly to the TEPC in the proton gantry 
room. This amplified signal was then run via coaxial cable to an electronic rack containing two 
NIM bins containing pulse processing modules, an oscilloscope for troubleshooting and system 
analysis, and a PXI crate containing the waveform digitizer and generator modules. The pre-
amplified signal from the TEPC was split into 3 channels and each was amplified and shaped to 
suppress the exponential decay tail. The three channels were amplified with successively larger 
gains and the outputs were digitized in a LabVIEW controlled waveform digitizer. The LabVIEW 
data acquisition system uses a single trigger for all 3 inputs, so the waveform digitizer was 
triggered by the summed output of 3 Ortec timing single channel analyzers connected to the 
bipolar outputs of the shaping amplifiers. This triggering system ensures the system is still 
triggered by the lowest and highest amplitude pulses. The pulse waveforms were digitized at a 
sampling rate of 10 MS/s and waveforms of 500 samples for each of the three amplification 
channels and written to computer disk.  

Figure 10. Diagram depicting a secondary proton due to a 
neutron interaction in the TEPC and silicon surface barrier veto 
detectors.  

Figure 9. Diagram depicting a primary proton event incident on 
the TEPC and silicon surface barrier veto detectors.  
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Each spectra was acquired in a file of approximately 500k such events and the data was 
analyzed using software developed in the LabVIEW language. The maximum amplitude of each 
waveform was measured and histogrammed. The three spectra obtained from the amplification 
channels were analyzed for overlap and combined to form a single matched spectrum covering 
4 decades of dynamic range. The spectrum was rebinned using logarithmically sized bins and 
the bin contents were multpiplied by their value on the x-axis. This results in a spectrum of dose 
with lineal energy shown on the x-axis. The area of the spectrum between any two bins in lineal 
energy divided by the total area of the spectrum is equal to the fraction of absorbed dose from 
events with lineal energy between thos two bins.  
 
This procedure was repeated for TEPC placements at solid water depths of 22 cm (Fig. 11), 24 
cm (Fig. 12), and 25 cm (Fig. 13). The spectrum shown in Fig. 3 shows a distinct vertical edge 
at the high lineal energy end of the spectrum. This edge is presumed to be the proton edge 
which represents the maximum energy that can be deposited by a proton in a 2 µm tissue 
equivalent sphere, ie. 137 keV/µm. Identification of this edge allowed us to calibrate all 3 
spectra in lineal energy. Edges seen at higher lineal energies are likely due to heavy ions such 
as alpha particles or carbon nuclei produced in nuclear reactions induced by the primary 
protons. The measurement of Fig. 3 was at the distall edge of the proton SOBP, so it follows 
that slower protons that have nearly stopped dominate the dose deposited in this area. As is 
well known, the LET of protons increases rapidly as they slow down producing a bragg peak at 
the end of their range in matter. Hence the prominance of the proton edge in Fig. 3, compared 
to the spectra of Fig. 1 and 2, where the measurements are taken closer to the middle of the 
SOBP with a larger fraction of low LET protons.  
 
 
 

 
Figure 11. TEPC measurement at a depth of 22 cm in solid water plastic. Amplitude along the x-
axis is calibrated to keV/µm. Counts on the y-axis are arbitrarily normalized. 
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Figure 12. TEPC measurement at a depth of 24 cm in solid water plastic. Amplitude along the x-
axis is calibrated to keV/µm. Counts on the y-axis are arbitrarily normalized. 
 
 
 

 
Figure 13. TEPC measurement at a depth of 25 cm in solid water plastic. Amplitude along the x-
axis is calibrated to keV/µm. Counts on the y-axis are arbitrarily normalized. Calibration of this 
spectrum and those in Fig. 1 and 2, was obtained by identifying the vertical edge (calibrated to 
137 keV/µm) as the proton edge. 
 

2. Neutron Dosimetry 
We have designed and built large volume ionization chambers for use with the dual-ionization 
chamber method (ICRU, 1977).  This is a method used in gamma-neutron mixed field dosimetry 
where two dosimeters with different sensitivities to the two types of radiation are used to 
evaluate the separate absorbed doses.  We have implemented this method to measure neutron 
dose contamination due to the proton beam incident on the patient and the beam modifying 
devices such as the Tungsten MLC.  Previous measurements were done with commercially 
available chambers having a volume of 1cc.  The small signal and relatively large leakage 
current present in these detectors made this measurement problematic.  For this reason we 
decided to build a large volume Magnesium walled chamber and another chamber identical in 
every way aside from having a wall constructed of TE plastic.  The chamber constructed with TE 
materials exhibits a stronger response to neutron dose compared to the chamber constructed of 
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Magnesium.  We chose a volume of approximately 10cc for our chamber design, which 
increases the measured signal substantially and decreases the detector contribution to the 
leakage current by increasing the insulator thickness.  The design follows a standard Farmer 
chamber design with a guard ring, Fig. 14 and Fig. 15.   The chambers were also equipped with 
gas flow inlets and outlets and a methane based TE gas was maintained with a constant flow 
through the TE chamber while Argon gas flowed through the Magnesium chamber.  
 
As the secondary neutron field produced by the proton beam is predicted to be low (several 
mGy per Gy delivered), we have constructed our own chambers with considerably larger 
volumes than the commercially available chambers used in the literature.  To accurately 
determine the neutron and gamma sensitivity of our custom chambers we developed Geant4 
(Agostinelli et. al., 2003) Monte Carlo (MC) simulations which use MC generated neutron 
spectra data.  The MC simulation accurately models the chamber geometry and uses the 
available neutron interaction cross section data to calculate energy deposition in the active 
volume of the chambers.  By changing the material composition of the chambers in the 
simulation to match the composition of the chambers we have built, we can determine the 
relative sensitivity of the chambers in the field produced by the proton beam.  Details of the 
implementation and measurements performed in the proton beam can be found in Diffenderfer 
et. al., 2011.  
 
 

 
Figure 14. 10cc ionization chamber design.  Dimension shown in millimeters. 
 

 
Figure 15.  A 10CC Magnesium walled ionization chamber (top) and tissue equivalent plastic 
walled ionization chamber (bottom). 
 

Cone Beam Computed Tomography (CBCT) 
 

INTRODUCTION: 
The development of an on board cone beam computed tomography (CBCT) system for image 
guidance in proton therapy is a joint project between IBA proton therapy and the University of 
Pennsylvania. The availability to visualize soft tissue and 3D anatomy to set up patients in 
treatment position offers distinct advantages over conventional orthogonal kV X-ray imaging. 
While kV image guidance uses the bony anatomy or implanted fiducials as surrogates for 
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localization, CBCT enables more precise localization of the actual treatment volume and the 
surrounding organs at risk. Radiation dose delivered by protons is sensitive to changes in the 
proton beam path. One envisioned use of CBCT is to assess if patient anatomical changes may 
potentially impact the dose distribution. 
A number of technical challenges need to be overcome in order to deploy a CBCT system 
mounted on a proton gantry. Due to the size and weight of the gantry, there is an angular 
dependent shift in the source and detector positions relative to the imaging isocenter. If left 
uncorrected, these shifts in the CBCT projection images will deteriorate the image quality and 
cause significant artifacts in the image. The design and implementation of a CBCT system 
includes the following: 

(1) Development of analytical tools to quantify and correct X-ray source and detector tilt as a 
function gantry angle 

(2) Evaluation of a new X-ray source with a higher heat capacity rating suitable for CT 
acquisition 

(3) Evaluation of new larger area X-ray detector panel 
(4) Development of CBCT image reconstruction software 
(5) Development of a new imaging software suite (ImagX) for patient setup using kv/CBCT 

imaging 
(6) Development of proton specific applications of CBCT. 

  
 
BODY: 
 
1. Geometrical Setup of On Board Proton CBCT System 
 

CBCT systems have been used for external beam image guided radiation therapy since 
its development in 1999. It is now widely available as an on board imaging device that is 
mounted on the linac gantry [Jaffray 1999]. The geometry of the X-ray source and imager on a 
proton gantry differs from a linac in that the source to axis distance (SAD) is several times larger 
(Figure 1). As a consequence, the X-ray tube power requirement in the proton therapy system is 
about nine times greater than that in a compact linac system. This disadvantage is potentially 
outweighed by the reduction in off-axis image distortion that is present in all CBCT system 
owing to the smaller X-ray cone angle.     
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2. CBCT Geometrical Calibration 
 

One of the biggest technical challenge in the development of a gantry based CBCT 
system is compensation for the angular dependence in the shift in source and detector positions 
relative to the imaging isocenter. If left uncorrected, these shifts in the CBCT projection images 
will deteriorate the image quality and reduce image resolution in the reconstructed image. The 
seven parameters that define the gantry flexmap are the two X-ray source transverse 
translations, two detector transverse translations and three detector rotations (Figure 2). 

 

 

 
Figure 2. The seven geometrical parameters as a function of gantry 
angle that are needed to compensate for X-ray source and detector 
shifts.    

 
 
Figure 1. Comparison of the CBCT geometries between a proton gantry and a linac gantry.  
The proton gantry required a more powerful X-ray source than a linac gantry. 
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A calibration technique was developed and used to measure the geometrical parameters 

in treatment room 4 of the University of Pennsylvania Roberts Proton Center in 2012. The 
cylindrical calibration phantom consists of 37 precision mounted metal markers (Figure 3). By 
acquiring projections of the phantom at every 20 degrees, the seven geometrical parameters 
can be estimated by performing a least squares fit to minimize the difference in the relative 
positions between the measured and expected position of the 37 markers.  The results 
presented in Figure 4 shows that the X-ray tube displacement exhibits a sinusoidal variation as 
a function of gantry angle. Further analysis reveals that the three most sensitive parameters that 
impact the image quality are the detector translations and rotation around the axis defined by 
the source to imager. 

  
The results of this calibration measurement were presented as a poster at the PTOG 2012 
annual meeting in Seoul, South Korea. Further calibration measurements will be made to 
quantify the reproducibility of these deformations. 
 

  

 

 
Figure 4. Measurement results of the X-ray tube and detector flex as a function of 
gantry angle.  

 
Figure 3. Geometrical calibration phantom with 37 metal spheres that is 
used to determine the flexmap.  
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3. Hardware Selection and Testing using a Bench Top CBCT System  
 
Prior to CBCT installation on the proton gantry at the University of Pennsylvania Proton Therapy 
Center, the performance of the selected CBCT hardware were evaluated on a benchtop system 
at IBA. Using an identical geometrical setup as the proton gantry (Figure 5), CBCT projection 
images were acquired on a phantom placed on a rotating turnable. This benchtop system 
allowed IBA to evalute the X-ray source and imaging panel, tweak the image reconstruction 
software and optimize the image quality. The integration of the gantry control system with the 
new imaging software was successfully tested on the benchtop system. In addition, the 
benchtop CBCT system was able to achieve phantom CBCT images that were of comparable 
quality to linac based CBCT systems. Penn is working closely with IBA to use these benchtop 
CBCT images as benchmarks to define image quality metrics in the acceptance procedure of 
the first gantry CBCT system upon installation. 
 
 

 
As the CBCT system is a modification of existing components on the proton therapy imaging 
system, two major hardware changes were required. The first is the replacement of the X-ray 
tube and generator from one that could handle 445W to a more powerful tube that can handle 
3200W. The other change is the replacment of the flat panel imager to a larger unit in order to 
increase the field of view (FOV). With these replacements a 34 cm (axial) and 35 cm 
(longitudinal) FOV CBCT system is expected. Additional increase in FOV will require the couch 
to be offset laterally and is planned for future development for this project. 
  
 
4. Image Reconstruction, Scatter Correction and Software Development 
 

 
 
Figure 5. Benchtop CBCT system used to evaluate system components, integration and 
development of image reconstruction software. 
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The FDK method  [Feldkamp 1984] for CBCT reconstruction was implemented and tested on 
the test workbench. This algorithm is commonly used in many CBCT systems as it is fast and 
can be implemented on high end graphical processor units using CUDA parallel computing 
platform. In addition a simple scatter correction technique [Boellaard 1997] based on a model to 
estimate the fraction of scatter within each projection image was implemented with satisfactory 
results. Figure 6 shows two axial slice of the Catphan image resolution phantom used to 
evaluate image resolution and CT number accuracy from he benchtop CBCT system. These 
images serve as a benchmark for image quality obtainable on the gantry mounted CBCT 
system. Other advanced image scatter correction techniques are currently being evaluated and 
tested on the image software platform.  

 
 
5. Novel Clinical Applications of CBCT in Proton Therapy, 
 
One important potential tool for the quality assurance of proton beam delivery is the ability to 
detect variations in proton beam path prior to treatment. Proton dose distributions are 
particularly sensitive to patient weight loss, tumor shrinkage and setup variations.  CBCT from 
treatment setup may be used to estimate proton beam path through the conversion of CT 
Hounsfield Units (HUs) to proton stopping power. However, due to the large photon scatter in 
the CBCT geometry, the HU values from a CBCT varies slightly from diagnostic quality 
simulation CT, thereby introducing additional uncertainties in the conversion from HUs to proton 
stopping power. We tested and evaluated the Advanced Normalization Tools (ANTS) 
deformable image registration tool to map simulation CT HUs onto a treatment CBCT (Figure 7) 
for range verification or dose re-calculation during proton therapy treatment. The intensity 
corrected image may then be used to detect any local change in water equivalent thickness 
(WET) in the proton beam path.   
 

 
Figure 6. Benchtop CBCT images of a phantom used to evaluate the resolution (left) and 
Hounsfield number accuracy (right). These images are used to evaluate the image 
reconstruction software and serve as benchmarks for our gantry CBCT system.  
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In Figure 8, a patient with anatomical change (deformation in nasal cavity highlighted in circle) 
shows a deviation in the polar WET plot at 15 degrees between the planning CT (green) and the 
corrected CBCT (blue) at the time of treatment. Without the correction of the image intensity 
(red curve), the systematic error between the intensity levels of the CBCT and planning CT is 
larger than the WET change due to anatomical variation. Our results indicate that CBCT is a 
very promising tool for detecting potential dose delivery variations due to anatomical change or 
setup errors. This work was recently accepted as an oral presentation at the annual 2013 AAPM 
meeting. 
 
Further development work is needed in this application of CBCT and we hope to be able to 
integrate this feature into the IBA CBCT system that the University of Pennsylvania is 

 
Figure 8. Detection of proton range differences between CBCT and planning CT 
images. The polar plot measures the water equivalent thickness of the proton 
beam path from the patient surface to image center. 

 
Figure 7. Correction of CBCT image intensity using the ANTS deformable image 
registration software. The planning CT was deformed onto the CBCT. 
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developing jointly with IBA.  During the last quarte of 2013r, the team at the University of 
Pennsylvania continued work on the development of proton therapy specific applications of on-
line CBCT.  CBCT has the potential to be used to validate and identify changes in patient 
anatomy that impacts proton dose distribution. Specifically, the algorithm used to correct the 
CBCT Hounsfield number is being validated so that CBCT image guidance can also be used to 
evaluate proton dose delivery in the treatment position. This validation process uses daily CBCT 
acquired for head and neck photon radiotherapy on the linac to simulate anatomical change 
during proton therapy. We envision clinical applications of CBCT to extend beyond conventional 
verification of treatment postion as is currently used in photon beam radiotherapy. We are 
presently developing tools to visualize changes in proton range based on comparision between 
the plannning CT and the acquired treatment CBCT so that therapists can alert physicians or 
physicists that treatment is not optimal and replanning may be required. We hope that this 
developmental tools will be integrated into the IBA CBCT system that the University of 
Pennsylvania is developing jointly with IBA.  
 
 

Development of the Calypso System for use in proton therapy 
 

Body 

1.1 Installation of the Calypso System in Proton Room 4 
The Calypso System is a system of implantable radio-transponders that can be used for patient 
localization and real-time tumor tracking. A Calypso System was obtained from Calypso Medical 
and installed in Proton Room 4 at Roberts. Calypso Medical has since been acquired and the 
System is now marketed by Varian Medical Systems. 
 
The Calypso System was designed and approved by the FDA for clinical use during photon 
radiotherapy treatment. The installation at Roberts represents a first attempt to develop the 
system for use in proton therapy. During 2010-2011, tests were performed in the treatment 
room with proton beams to validate the performance of the system in the proton environment. 
See Figures 1 and 2. Some failures were observed and subsequent design modifications were 
performed by the Calypso Medical engineering team. 
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Figure 1. Schematic of the setup for Calypso System testing in Proton Room 4 in 
Roberts. The Camera Power Supply and Ethernet Switch electronics (“HUB”) were 
moved from the initial position in the room back into the maze due to radiation 
susceptibility  as part of the solution to reduce the system upset rate. 
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Figure 2. Test setup in Proton Room 4. The Calypso Beacons are located in the 
cylindrical test phantom, which can be registered into holes in the test platen. The platen 
is placed on top of a 16 cm wood box to move the Beacons away from the conductive 
table top. A larger wooden platform was constructed for the patient localization tests 
described in Section 1.3. 
 
Here is a summary of the conclusions from tests performed by Calypso Medical: 

 All localization accuracy tests passed their predefined acceptance criteria. The Calypso 
System accurately localizes LT and LO patients in the IBA proton therapy vault at the 
University of Pennsylvania. 

 The carbon fiber table top will need to be replaced with a non-conductive version for 
clinical use of the Calypso System. 

 System Design modifications were effective in reducing the upset rate from an estimated 
15 upsets per month to <= 1 upset per month. The upset rate objective of <=1 upset per 
month was met. See Figure 3. 

 The hard failure of the console’s power supply has been effectively addressed by the 
power FET switch replacement. 

 Camera Location and Mounting: No issues were identified with camera location or 
mounting in either the gantry or fixed-beam rooms. 

 Console Placement in Fixed-Beam Room: No issues were identified with console 
placement in the fixed-beam room. 

 MLC Susceptibility: No issues with MLC susceptibility to the Calypso excitation were 
identified (lateral beams) 



62 
 

 Interference from Proton Beam Scanning Magnets: No issues with scanning magnet 
operation interfering with Calypso operation were identified. 

 Interference from MLC: MLC can be operated up to ~33 cm from isocenter with 
acceptable effect on Calypso operation (lateral treatments). Operation closer to 
isocenter may be possible with additional Calypso development. 

 Activation of Transponders: No issues associated with activation of the Calypso 
transponders in a patient were identified. 

 Carbon Fiber Table Extension: The carbon fiber table extension for the Schaer PPS is 
not compatible with the Calypso System. 

 Calypso System Radiation Tolerance (Single Event Effects): The rate of single event 
upsets for the Calypso System operating with double scattering mode was unacceptably 
high. These upsets can result in both temporary disruption of Calypso operation during 
patient treatment (requiring reboot) and can result in hard failure of Calypso System. 

 Calypso Console Placement in the Gantry Room: Lateral translation of the patient table 
during initial patient setup is not possible with the current production Calypso System, as 
the back wheels of the console would be on the conveyor belt, while the front wheels are 
off the conveyor belt. 

 
Figure 3. Example of a Radiation Susceptibility test. A front-end FPGA in the Calypso 
console was reconfigured to detect memory errors resulting from irradiation of the 
electronics by secondary scatter irradiation. In this test a memory error was detected 
after about 6 minutes of beam on. The FPGA identified the error, self-corrected, and 
recovered, although the recovery took 1 minute. 
Here is a summary of the design modifications made by Calypso Medical for operation in the 
proton environment: 

 The standard arm has been replaced with the extended arm. The reason for this is 
twofold: 

o Places electronics further away from the proton beam. 
o  Allows the console to be placed inferior to the conveyor belt while maintaining 

the ability for the array to cover the tracking volume. 
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 The Advantech Console PC has been replaced with a passive touch panel display 
mounted on the mast and a separate single board computer equipped with ECC RAM. 
The single board computer has been placed in the console chassis, further from the 
radiation source. The cable assembly routed through the arm was modified to provide all 
signals required by the single board computer. Power for the passive touch panel display 
and the console PC was derived from the power supply assembly in the console 
chassis. 

 The ST Microelectronics power MOS FET’s in the power supply have been replaced with 
Fairchild parts 

 The Ethernet switch located in the power supply assembly has been replaced with the 
‘Y’ adaptor scheme. 

 System software has been modified to allow continued tracking upon a loss of 
communication with the console PC. 

 The OEM camera power supply and Ethernet switch has been installed in the vault 
maze, distant from the radiation source (see Figure 1). 

 Field Programmable Gate Arrays (FPGAs) capable of configuration corruption detection 
and fast reconfiguration have been designed in to the console electronics. 

 The treatment rooms at University of Pennsylvania are equipped with the 6 degree-of-
freedom Schaer patient positioning system. This table incorporates a carbon-fiber insert 
(couch top) manufactured by Q-Fix. The Calypso System is not compatible with carbon-
fiber inserts due to their electrical conductivity. Development of a Calypso-compatible 
couchtop for the Penn proton treatment rooms using Q-Fix technology is being 
discussed with Q-Fix. 

1.2 Investigation of dose perturbations by the Calypso Beacon electromagnetic 
transponders 
Though they are small, fiducial markers and transponders contain materials that are denser and 
have higher atomic number than patient tissues, and the result is a shadow region downstream 
of the transponder where the actual delivered dose is lower than what it would be were the 
implant not present. Dose shadows in excess of 20% have been demonstrated downstream of 
gold markers in megavoltage photon beams (Chow et al 2005,Chow et al 2006}. Perturbations 
of similar magnitude were observed in the vicinity of nickel-titanium urethra stents (Gez et al 
1997). Carbon fiber markers are lower-Z and were found to perturb photon dose by only about a 
percent (Vassiliev_2012). In the case of proton therapy, studies have explored the dose 
perturbations from gold, titanium, and stainless steel fiducials, of various sizes and differing 
placement and orientation with respect to the proton beam (Newhauser et al 2007b, Matsuura et 
al 202)}. Another study examined the dose shadow produced by tantalum markers used in the 
treatment of uveal melanoma (Newhauser et al 2007c). Effects on dose were investigated for 
helical gold markers (Giebeler et al 2009), for novel  fiducials composed of microscopic gold 
particles embedded in polymer (Lim et al 2009), and for a nickel-titanium stent (Herrmann et al 
2010). Lower-Z alternatives such as carbon-coated ceramics, stainless steel, tungsten, 
platinum, and a polymer tube can have lower dose perturbations, but must be balanced against 
radiographic visibility (Cheung et al 2010, Huang et al 2011). 
Electromagnetic transponders have dimensions similar to some of the implanted fiducials, and 
their constituent materials include soft ferrite, copper, and ceramics. The geometric 
arrangement of the materials is unique and may perturb dose differently than fiducials. The 
purpose of this study is to investigate the magnitude of the dose perturbations caused by the 
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presence of implanted electromagnetic transponders as part of an assessment of the feasibility 
of using electromagnetic transponders for proton therapy. The approach taken was to develop 
an accurate Monte Carlo model of the Calypso Beacon electromagnetic transponders, to 
validate the Monte Carlo simulations using measurements from some selected proton irradiation 
cases, and then to use the simulations to explore the effect of the transponders at different 
positions and orientations with respect to the proton beam. 
Our investigations resulted in a publication in Physics in Medicine and Biology (Dolney et al 
2013). That paper is included below in the appendix materials. The follow description of that 
work includes additional details not included in the paper in the interest of brevity. 
A  model of the Calypso transponder was implemented in Geant4 for Monte Carlo simulations. 
In Figure 4 is shown a photograph of a Calypso transponder. The transponder is an 
electromagnetic resonator: there is a wire coil wound around a soft ferrite core and connected to 
a capacitor. This resonator assembly is potted inside a glass vial with silicone adhesive and 
sealed with a laser. Calypso Medical provide detailed specifications regarding the dimensions 
and mass of each of the elements of the transponder. Unfortunately some of the materials were 
not completely specified because they are either not fully known or their compositions are IP. 
For example, the glass used for the vial is a patented formulation manufactured by the Schott 
Corporation known as Schott Glass 8625. It is a biocompatible soda-lime glass to which iron 
has been added. The iron makes the glass absorb infrared so that it can be sealed with a laser. 
The fraction of iron in this glass could not be found in the literature.  

Figure 4. Photograph of a Calypso Transponder (left) and a wire-frame rendering of 
the Transponder as implemented in Geant4 simulation. The total length is 8.5 mm. 
 
Because of the uncertainties involved, we validated our Monte Carlo simulations using data 
collected with sheets of Gafchromic EBT2 film placed at various depths downstream of 
transponders mounted in a stack of solid water slabs. Our machine shop fabricated a holder for 
three transponders from acrylic. The holder is shown in Figure 5. The three seeds are held in 
different orientations with respect to the beam: parallel, perpendicular, and 45 degree angle. 
The acrylic holder fits into a slab of solid water that had been previously milled out for a 
Capintec PS-033 chamber. We irradiated the solid water phantom with a uniform, double-
scattered, R22M10, 13x13 square field. We scanned the films with an Epson 10000XL flat-bed 
scanner and applied our calibration curve for EBT2 OD-to-dose (see Figure 6). Using the 
OmniPro-ImRT software, we extracted the dose downstream of the Calypso seeds at the 
various depths and also in unperturbed regions of the film (see Figure 7). In this way we 
measure the dose perturbation downstream of Calypso transponders. We compared our 
measurements with simulation. 
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Figure 5. Holder constructed for Calypso seed. The holder is acrylic and fits inside 
the piece of solid water (yellow). Three seeds are fit into holder in different 
orientations. 
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Figure 6. Post-irradiation Gafchromic EBT2 films that were downstream of the 
Calypso transponders. The acrylic has a larger proton stopping power than the 
surrounding solid water, so that the shape of the acrylic holder can be seen in the 
deeper pieces of film (bottom row). Small dose shadows behind the transponders 
can also be identified, though in the picture they are difficult to see in most of the 
film pieces. 
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Figure 7. Film analysis using the OmniPro-ImRT software. The film was scanned 
with an Epson 10000XL flat-bed scanner. The image in the left pane is the film 
optical density converted to dose via our calibration curve for protons. The 
rectangle in the film is the shadow from the acrylic holder. Three dose shadows 
(yellow) from the Calypso seeds can be seen in the rectangle. We measure dose 
levels within these shadows relative to the surrounding medium. 
 
 
The simulations use the IBA Universal Nozzle and MLC code implemented previously for Phase 
I studies by Chris Ainsley coupled with the voxelized phantom classed for scoring dose in 3D 
grids implemented by Derek Dolney for Phase II. For Phase II the voxelized phantoms were 
constructed from patient CT datasets. That code was modified slightly for this project to 
generate a phantom of uniform solid water, with the material specified by the vendor (Gammex). 
The voxelized phantom classes derive from G4PhantomParameterisation. It was previously not 
possible to place daughter geometries inside a G4PhantomParameterisation geometry. That is, 
Calypso seeds could not be placed inside a voxelized phantom. Given this limitation, the 
simulation geometry implemented for this work consisted of Calypso transponders inside a solid 
phantom of solid water material, with a voxelized cube of solid water placed downstream of the 
seeds only. This is acceptable for this phase of research, since we are comparing dose 
shadows from simulation with measurements taken in a solid water phantom. However, it would 
be useful to be able to calculate the effect on the dose distribution in real patients that have had 
Calypso transponders implanted. The simulation code at UPenn is well-developed at this point, 
and it would be a reasonable extension requiring a modest effort to implement this capability, 
assuming the new mechanism in Geant 4.9.5 performs as promised. That implementation could 
even be validated using the already collected solid-water phantom data just described. We can 
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consider validation measurements in a heterogeneous phantom beyond the scope of this 
Calypso phase, though that should be done to establish the validity of the patient simulation 
code, and we are discussing how best to approach that. 
 
Most of the mass of a transponder comes from the coil. The coil is comprised of thin copper wire 
wound around a soft ferrite core. We initially attempted to implement a much-simplified version 
of the geometry as an iron cylinder placed within a larger copper cylinder, with the dimensions 
of each matching the vendor specifications. As shown in Figure 8, this implementation gave 
poor agreement (not better than 20%) with the film measurements and we were forced to refine 
the implementation.  

Figure 8. Proton dose shadow downstream of Calypso seeds: comparison 
between data measured with Gafchromic EBT2 film (points with errors) and 
Geant4 Monte Carlo simulations (lines) using a simplified implementation of the 
Calypso seed geometry comprised of an iron cylinder representing the ferrite core 
surrounded by a copper cylinder representing the coil. Agreement is not better 
than 20% using this geometry. 
 
We completed a more thorough implementation of the Calypso transponder geometry in 
Geant4. We have included every detail of the Calypso transponders save for the silver-
palladium connections on the capacitors and the thin (25 um) parylene coating that covers the 
resonator assembly.  Some other assumptions and simplifications were necessary. We chose to 
use Pyrex with 5% Fe2O3. The density is specified to be 2.52 g/cm3. Given the dimensions of 
the glass vial, the shape of the vial endcaps were adjusted to achieve the total vial mass 
specified by Calypso. A coil of wire would be very difficult to implement in Geant4. The coil was 
implemented as a cylinder. The density of the coil itself is 6.15 g/cc, which is quite a bit less 
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than pure copper which is 8.96 g/cc. The wire used for the winding has a thin polyurethane 
insulation layer that is further covered by a polyvinylbutyral bond layer. Calypso says the copper 
is 39 um diameter and the total wire is 45 um, but this does not specify. There is a NEMA spec, 
MW 131, with these dimensions. One product meeting NEMA MW 131 is Butylbond AB15. 
These products appear to have equal thickness insulation and bond layers. Therefore we use 
1.5 um thick insulation and 1.5 um bond layer. We have to use a generic molecular formula for 
polyurethane. There must also be some air between the wires in the winding, and so the copper 
core, insulation, and bond layer physical dimensions were used to fix the relative amounts of 
those elements, and derived that the coil must be about 12% air by volume, which is about 
equal to the volume of either the insulation or bond layer. This volume fraction is down-weighted 
by about 10-3 from the density of air, and can basically be ignored. The soft ferrite core is 
specified as Ferroxcube 3C91. Soft ferrites are iron oxides with some manganese and zinc 
added. The exact amount of these elements is probably secret. We assume a 1:1 Mn:Zn ratio. 
For the capacitors we assume the material is uniform titanium dioxide and do not include the 
silver-palladium terminals. There is some silicone adhesive in the glass vial to fix the resonator 
assembly. We fill the vial about halfway with polydimethylsiloxane, adjusting the amount to 
make the total mass of the transponder agree with measurement. We summarize these material 
choices in Table 1, and compare the mass of the components as implemented in our simulation 
with their actual physical masses in Table 2. In spite of our assumptions about the materials and 
some dimensions, the agreement with the measured data is much better, as shown in Figure 9. 
Agreement between the film and simulations is to within 3%. A large part of this error is probably 
systematic, as this is about the level of agreement between the measured and simulated SOBP, 
as can be seen from Figure 9. This could be improved by fitting per-room BCMs. 
 
Table 1. Composition specification of the Calypso transponder and the materials 
used in the Geant4 implementation of the transponder geometry. Percentages are 
mass relative. 
 Vendor Specified Material Simulation Material 
Core Ferroxcube 3C91 MnZnFe4O8 
Coil Cu 

+ polyurethane 
+ polyvinylbutyral 

96% Cu 
+ 2% C17O4H16N2 
+ 2% G4_POLYVINYL_BUTYRAL 

Capacitors Novacap NPO TiO2 
Adhesive Silicone Polydimethylsiloxane 
Vial Schott Glass 8625 95% G4_Pyrex_Glass + 5% Fe2O3 
 
 
Table 2. Account of the mass of a Calypso transponder. The actual mass of the 
transponder parts is compared with the mass of the geometry elements as 
implemented in Geant4. 

Actual Mass (mg) Simulation Mass (mg) 
Core 2.9 2.9 
Coil 36.0 36.0 

Capacitors 1.3 x 2 1.1 x 2 
Adhesive not specified 0.8 

Vial 20.0 20.0 
TOTAL 61.8 61.8 
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Figure 9. Proton dose shadow downstream of Calypso seeds: comparison 
between data measured with Gafchromic EBT2 film (points with errors) and 
Geant4 Monte Carlo simulations (lines) using a thorough implementation of the 
Calypso seed geometry including all elements in Table 4-1. The double lines for 
the simulation curves are meant to indicate the error bars, the upper line being the 
mean plus 1�  and the lower the mean minus 1�. Agreement is within 3%. 
 
We also measured data for Calypso seeds at 13 cm depth using the same R22M10 field. The 
simulations of that scenario also agree well with the measurements (see paper). A challenge for 
this phase of the project was the number of protons that must be simulated to get accurate 
doses in the small voxels downstream of the transponders. The transponders diameter is only 
1.8 mm. We are using 1/3 mm voxels transverse to get good spatial resolution, comparable to 
the film digitization resolution (75 dpi). We generated 2 x 1010 primary protons to produce Figure 
9. We used 64 cpus and the entire simulation still took 3 weeks. 
 The long computation time for the Calypso transponder simulations was reduced by 
implementing the capability to store the proton beam phase-space to a file. To solve this 
problem, Derek made use of open-source code from two sources: the International Atomic 
Energy Agency (IAEA) phsp read/write routines available from http://www-
nds.iaea.org/phsp/phsp.htmlx , and the Geant4 interface to use these routines 
G4IAEAphspInterface_v1.1 available from http://www-nds.iaea.org/phsp/Geant4/. A few bugs 
were found and fixed in both codes. Commands were added to our macro file interface for 
double-scattering simulations to allow the phase-space to be saved during a simulation, and to 
allow a simulation to use a previously stored phase-space file. In addition, the IAEA phsp 
routines support so-called phase-space “recycling”, meaning the particles in the phase space 
file are generated and tracked more than once. This can reduce the statistical noise to an 



71 
 

extent, to the limit that is called the latent variance of the phase space file. It was found that a 
recycling value of 2, meaning each particle in the phase space file is generated three times, 
gives a good balance between statistical noise and simulation time. More particle recycling does 
not lower the noise much. More primaries would have to be generated during the first phase-
space generation step to achieve higher statistics. Without using a phase-space file, the 
Calypso simulations took 3 weeks using 64 cpus for each depth to have reasonably low 
statistical noise, given the small voxels in which we are scoring dose behind the Calypso 
implants. Now, by storing the phase-space to a file, an initial run of about a week (using 64 
cpus) is required to generate the phase space upstream of the water phantom containing the 
Calypso seeds, but then this phase space can be used for any Calypso depth, with each depth 
requiring only 4 days (on 64 cpus) simulation time. 
The dose was measured with film downstream of Calypso seeds placed at depths 12 cm and 21 
cm in solid water in an R22M10 spread-out Bragg peak (SOBP). The 21 cm data was compared 
with simulation results in the last report. The 12 cm simulations have finished and that 
comparison is presented in Figure 10. Like the 21 cm case, the agreement between 
measurement and simulation at 12 cm is also very good. 

 
Figure 10. Comparison of dose shadow downstream of Calypso transponders in a proton 
SOBP measured with film (error bars) with Monte Carlo simulation (lines). The Calypso 
transponders were irradiated and simulated in three different orientations at 12 cm depth 
in solid water. 
Monte Carlo simulations of Calypso transponders were completed for other depths in the 
R22M10 SOBP: 12, 13, 14, 15, 16, 17, 18, 19, 20, and 20.5 cm physical depths. These are 
presented here for completeness. 
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From these data, we extracted the maximum dose shadow for three different transponder 
orientations. That data is presented in Figure 11. 

 
Figure 11. Maximum dose shadow downstream of Calypso transponders at different 
depths in a proton SOBP and in different orientations with respect to the beam.  Typical 
dose shadow levels are less than 10%, arising because of increased lateral scatter in the 
high-Z metals inside the transponder. However, the dose deficit can be large when seeds 
are positioned near the distal falloff, in which case protons actually stop in the 
transponder. 
Besides the published paper, a poster version was  presented at the American Radium Society 
Annual Meeting (2012). 

1.3 Testing the Calypso System for patient localization 
We have begun testing of the Calypso system using patients previously implanted with Calypso 
Beacons and treated with photons at Penn. A platform was constructed of non-conductive 
material (wood) to permit testing using the existing couch tops before a non-conductive 
couchtop is purchased from a vendo. It was determined that 6” of wood is necessary to 
sufficiently separate the Calypso Beacons from the proton couchtop to allow the system to 
localize the Beacons. 
There are 16 patients enrolled in a prostate research protocol making use of endorectal ballons 
and using Calypso for localization and real-time monitoring. Some of these patients have been 
solicited to participate in a localization study in Proton Room 4 to compare Calypso localization 
accuracy versus the orthogonal kV localization that is standard for prostate treatments at 
Roberts. So far one patient agreed to participate in the study. The patient was setup in P4 with 
rectal balloon and first localized using Calypso. It was found to be difficult to localize the patient 
with Calypso to better than 4 mm because of the way the IBA couch jogs. To improve this, we 
will use the couch “goto position” shifting for future patients. Next orthogonal kV imaging was 
performed as usual, with shift coordinates obtained from the imaging system and applied to the 
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couch. After the shift, the patient position was re-measured with Calypso to see the differences. 
The measurements are summarized in the following table. 
 
 
 
Stage of localization  

 
 
Vertical  (cm) 

 
 
Lateral  (cm) 

 
 
Longitudinal  (cm) 

First with Calypso 
 
We could not achieve  
0,0,0  

 
 
-0.20 

 
 
    0.05  

 
     
  -0.40 

 
The imaging results 
(shift that was 
applied) 

 
 
  0.407  

 
 
  -0.222 

 
 
    0.414 

 
Calypso after the 
patient was adjusted  
Based on imaging 

 
 
  0.25  

 
 
    -0.20  

   
 
       0.000 

 
Calypso and imaging agree for the longitudinal coordinate system. For the vertical and lateral 
directions, Calypso and imaging agree to within 2 mm. One source of error can arise from 
transponder migration after CT simulation, however the therapist performing the orthogonal kV 
matching for this patient felt that the Beacon positions aligned well with the positions from the 
patient CT dataset. It is likely that the Calypso system needs to be recalibrated to bring its origin 
into agreement with the imaging system origin. The Calypso may have been commissioned to 
the room lasers, which are only rough guides. We will gain a better understanding as more 
patients are imaged. Any systematic error between the Calypso and imaging systems can be 
corrected by re-adjustment of the Calypso origin. Drift of the Calypso origin is monitored by daily 
Quality Assurance. Of interest for this study is the random error realized when localizing 
patients (of different sizes, implant locations, etc) with Calypso, since represents the System 
limitation to the localization accuracy. 
This study is on-going and currently awaiting the agreement of patients to the additional imaging 
and localization study. 
 
 

Radiobiology 
 

INTRODUCTION 
The goals of this project were the following: 
 
1. Identify and develop appropriate model systems for preclinical testing proton RBE in the Penn 
proton beam facility.  
 
2. Test and implement cell lines and methods as defined above with standard photon radiation.   
 
3. Measure RBE for protons using the Penn proton beam facility and the dependence of this 
RBE on physical beam properties and biological cell properties. 
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BODY 

Tasks 1 and 2:  

These studies were designed to develop and test proton-compatible methods of determining 
cellular radiosensitivity using human cell based model systems that were defined in year 1.  In 
the first quarter, the head and neck cancer cell lines SQ20b and FaDu and the immortalized 
human oral fibroblasts (MSK-LEUK1) have been cultured and the clonogenic (plating efficiency) 
was determined using standard initial plating (Table 1).   

 
Table 1: Plating Efficiency (without irradiation)
SQ20b 0.65
FaDu 0.55
MSK-LEUK1 0.33

 
Using these plating efficiencies and 60cm dishes in a horizontal 137Cs irradiation (Figure 1), the 
clonogenic survival of these cell lines was determined (Figure 2).  Note that the initial plating 
efficiencies have been normalized to a surviving 
fraction of 1 to allow a comparison of the 
relative radiation sensitivities of each cell line.  
The range of radiosensitivity accounts for a 
dose modification at 10% survival of 
approximately 1.7 between the most and least 
radiosensitive cell lines.   
 

 
 
 
 
 

However, these techniques are not compatible with the fixed horizontal beam that will be used 
in proton irradiation.  We have therefore begun to test whether using alternative techniques 
significantly alters the radiation response of these cell lines.  We have employed 2 alternative 
methods for this analysis.  The first is using tissue culture flasks with adherent cells filled with 
medium during radiation.  As depicted in Fig 3, a turntable that rotates at approximately 4-5 rpm 
is used to provide a relatively homogenous dose for all flasks. .  We also used a modification of 
this technique in which cells are trypsinized and irradiated as non-adherent cells in a sterile 
glass flask equipped with a magnetic stirring piece (Fig 4) 
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Using these set-ups, the radiosensitivity of wild-type fibroblast cells was analyzed.  The results 
of these experiments suggest that the horizontal and vertical methods give similar results, but 
that there is a problem with the cell suspension method, especially at higher radiation doses 
(Fig 5).  

 

Note that the difference in the radiation dose needed to achieve 10% survival (D10) calculated 
from the linear-quadratic approximation of the survival curves is close to unity for the horizontal 
versus vertical methods.  This suggests that these two methods are sufficiently robust to allow 
RBE comparisons for normal fibroblasts.  However, when we compared the radiosensitivity of 
human A549 and SQ20b cancer cell lines using horizontal or vertical set-ups, we found 
conflicting results.   For the A549 cell line, the methods showed good agreement, but the 
standard deviations on the flask (horizontal) method were significantly larger than the dish 
(vertical) method (Fig 6a).  For the SQ20b cells, the vertical method showed a similar increase 
in standard deviation, but also demonstrated a markedly different radiosensitivity profile (Fig 
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6b).   

To minimize need for beam time, we have designed and constructed a multi-dish irradiator box 
that will allow us to measure clonogenic survival at multiple points within the Bragg Peak (Fig 7).  
Note that this design allows simultaneous determination in triplicate samples for clonogenic 
survival at 4 points within a SOBP. 

 
We have tested the variability of the vertical irradiation set-up using 137Cs irradiator by 
performing separate, quadruplicate clonogenic survival experiments (with each data point 
representing the mean of triplicate measures of clonogenic survival within each experiment).  
These experiments reveal that the inter-experimental variability of radiosensitivity profile 
measured is less than the variability in intrinsic radiosensitivity for our 3 chosen head and neck 
cancer cell lines (Fig 8).   



78 
 

  
Task 3: 
Using the models and techniques developed in Tasks 1-2, we investigated the implications of 
the differential physical LET spectra along a SOBP and the radiosensitivity of cancer cells.  (Fig 
9).  
 

Figure 9:  Cells were positioned at the 2 cm and 8 cm water equivalent thickness in a 10.5 cm 
range, 5 cm modulated SOBP. 
We found that that, contrary to our previously stated hypothesis, these highly radioresistant cells 
do not display a dramatic difference in radiosensitivity for the plateau vs mid-SOBP portions of 
the proton depth dose distribution (Fig 10).  
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Figure 10:  Radiosensitivity of FaDu and MSK-1 cells in high and intermediate LET proton 
regions.  Clonogenic survival experiments were performed as described in methods and results 
are presented as mean +- sd for experiments performed with a minimum of 6 replicate plates 
per condition irradiated on the same day.
The radiosensitivity of SQ20b cells is primarily driven by over-activation of the EGFR-Ras-AKt 
signaling pathway.  To determine whether inhibition of EGFR signaling would provide differential 
radiosensitization in different parts of the SOBP distribution, cells were pre-treated for 1h prior to 
irradiation with the EGFR inhibitor erlotinib or vehicle (control) and irradiated using a double 
scattered proton beam and a 10.5 cm range, 5 cm modulated SOBP (Fig 9).  These positions 
were chosen to measure the RBE in the pleateu and mid-SOPB portions of the dose distribution 
and the particle fluence was adjusted for each to give final doses of 2, 4 or 8 Gy (note that this 
is measured in J/kg of protons or photons, not CGE) for each depth. The percentage of 
surviving cells was calculated by normalizing the percentage of cells forming colonies at a 
particular radiation dose relative to the percentage of cells forming colonies without irradiation.  
A linear-quadratic approximation of cell survival is presented for comparison of SQ20bcells with 
or without Erlotinib from previous experiments. We found a significant differential in the 
radiosensitization between low (D2) and high (D8) LET protons (Fig 11).  These data suggest 
that there may the contributions of EGFR radioresistance pathway signaling to cellular 
radiosensitivity may be greater for higher LET radiation.  Conversely, these experiments 
suggest caution should be advised when combining radiosensitizing chemotherapy/targeted 
therapy with proton radiation in patients.   
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Figure 11:  Radiosensitivity of SQ20b cells with or without the EGFR inhibitor Erlotinib in high 
and low LET proton or photons.   Clonogenic survival experiments were performed as described 
in methods and results are presented as mean +- sd for experiments performed with a minimum 
of 6 replicate plates per condition irradiated on the same day.
 

 

Positron Emission Tomography (PET) of proton beams to verify dose deposition 

 
INTRODUCTION 
The goals of this project were the following: 

1. PET Detector Development: Design a PET scanner optimized for the application of verifying 
the dose distribution deposited by proton therapy beams. This includes detector selection, 
electronic and mechanical engineering, data acquisition, and reconstruction software. 

2. Cross-section measurements: Measure positron-emitting isotope production from the primary 
elements found in tissue and compare to the GEANT4 Monte Carlo simulation program.  

3. Determination of elemental composition: The verification of the dose distribution cannot be 
done directly because the production of isotopes is not easily related to the dose deposited. 
Instead a Monte Carlo simulation program is used to calculate both dose deposited and 
isotopes produced and the latter is compared to the measured value. It is critical that the 
correct elemental composition be used in the simulation for this comparison to work. We are 
investigating how additional imaging methods, such as dual-energy CT, can help determine 
the composition.  

 
BODY 
We adapted the prototype RATX detector system so that it could be moved to the fixed proton 
beam room for testing, with completion of design and production of a series of modifications to 
the existing table. The mounting system and detector bed were designed and modified in order 
to allow the detector to be used in a clinically active area without risking damage to the system 
or interfering with clinical activities, and allow navigating in and out of the treatment room.  
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The prototype was moved to the PCAM facility and re-configured inside the fixed beam room. 
Detector calibrations were reproduced, demonstrating that the detector was moved safely and 
without damage. Data was taken using a phantom to confirm the uniformity of reconstruction 
and to measure the absolute sensitivity of the detector, as a pre-requisite to imaging the proton 
distribution following radiation., in order to ultimately determine the accuracy with which we can 
determine the range of the proton dose, and ultimately translate these results from phantoms to 
humans. 
 
Calibration problems were corrected, resulting in substantially improved quality of image 
reconstruction. This correction was tested with a 20-cm diameter phantom, which then will 
enable further studies with large phantoms more representative of patients.  
 
Due to higher than expected clinical downtime at the Roberts Proton Therapy Center since 
opening of the center for patient care, treatment operating hours for patient care have been 
routinely extended. As a result, we have had significantly less time that expected to continue 
work on this project. 
 

Proton Beam Allocation Project 
 

INTRODUCTION 
The aim of this project was to develop a computer program to maximize the efficiency of the 
proton facility with respect to patient scheduling, beam allocation, and patient flow. 
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BODY 
 

 
 
 
 

1. Dfsigning thf l'fal-timf bfam allocation application. 

Three sources of infonuation are used for making real-time beam allocation deci'iions: 1) fib 
containing th,.: duration of preparation and field phases for each treatm,.:nt protocol, 2) the tile 

containing up-to-dat,.: patient scheduling infonnation, and 3) the file containing the records of 
real-time ev,.:nts in each treatment room. Below we provide a description of each of thes,.: 
infonnation sources and discuss how the beam atlocation application can op,.:rate inr,.:al time. 

1.1. Pl'otocol du!'a tions filps, 

One of the issues that need to be addressed in designing the beam allocation application is how 
to model random dllfation~ of preparation and field pha~es for each treatment protocol. In 
particular. it i~ necessary to store data on those durations in a matmer that can account for their 
random natllfe. An approach for storing th,.:se data that we adopt cottsists of defining. for each 
preparation or field duration for each treatment protocol. a number of ''time buckets" covering 
time intervals tiom smallest to largest possible dllfation. 

For exampl,.:. consider an ini:ial preparation phase for a treatment of'·Prostat,.:-2'' patients 
(treatment protocol with 2 fields and prostate as an application site). Suppose that the minimum 
possible dtll'ation for this preparation phase is l minute and the maximum possible dllfation is 30 
minutes. In order to store the da ta for actual durations of this preparation phase, we can define 
time buckets of size. for example. O.lminute. such that the entire interval beh:vee11 l minute and 
30 minutes is covered by these buckets. In particular, in this case there will be 290 time buckets. 
with 111 one covering the tim.: interval [1. 1.1) minutes. the 2nd one- interval [1.1. 1.2), etc .. and 
the last one covering the time interval [29.9. 30) minutes. Each time the ach1al duration falls 
within a particular bucket. the "count" of durations in this bucket is increased by 1. Thus, all 
realization of the actual duration of this preparation phase ob~erved by a given moment in time 
can be expressed similar to the example in the following Table. 

Time Bucket (in mins), i Duration Count, c; 
[1, 1.1) I 
[1.1 , 1.2) 5 

"' '" 

f29 9, 30) I 
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Tablt> l. An example of duration counts in each time buckt-1'. 

Such an approach to storing realizations of random durations is equivalent to recording an 
"empirical" probability distribution of a particular duration Fot· example, if we use Nbuckets to 
record a particular duration, and the current duration counts for each bucket are (CJ, .. . , CN). we 
can defme the probability that the random duration " falls" within bucket i as 

ci . 
p ; = , t = l , ... , N . 

C1 + ··· + CN 

If the bucket size is small (e.g., 0.1 nutL~). we can approxinlate a given duration as being a 
random variable taking values equal to the midpoints m; of each bucket1 i with probabilities 
given by the above formula. Such probability model can be used to calculate various parameters 
used during real-time beam allocation. For example., the expect.ed value of such duration can be 
estimated as 

Duration observations for any field or preparation phase for any protocol can be stored in this 
way and then used during real-tinle beam allocation. 

Protocol data files are create.d with the help of users who set the appropriate tinle-bucket size, 
and the maxinlum and mininlum preparation and field duration parameters. As new treatment 
protocols are created, the corresponding protocol data files are added to the overall set of files. 
Realistic estinlates for the initial duration counts should also be specified at the time a particular 
protocol data file is created. 

All protocol data files are read at the beginlllng of each day. wi;th the appropriate duration 
metrics (such as expected durations) calculated and stored for u.se during real-time beam 
allocation Protocol data files are updated at the end of each day by adding duration counts for 
all observed preparation phases and fields to the appropriate files. 

1.2. Patient Schedule file. 

A Daily Schedule file (we assmne it is presented in a CSV format) contains up-to-date 
i1Lfom1ation on the actual patients served up to the ClUTent moment and anticipated patients to be 
served form the current moment till the end of the day in each treatment room. The information 
includes scheduled patient arrival tinles and treatment protocols. The "up-to-date" feature 
inlplies that the initial schedule available in the beginlllng of the day and is automatically 
updated during the day in cases of patient no-shows, cancellations and new additions to the 
schedule. For each treatment room. a Daily Schedule file contains a list of patient scheduled 
arrival times and treatment protocols. An example of a Daily Schedule file is given in Table 2 
below. In this example, the 1st patient to arrive at room 1 is sch•~duled for 8:00am and is to be 
served according to the treatment protocol! , the next one is scheduled for 8:30am and is to be 
served according to the treatment protoc.ol 7, etc. 

1 For example, the midpoint of the time bucket (I. 1.1) is m1 = 1.05. and the midpoint of the time bucket (29.9. 30) is 
111290 = 29.95. 
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Room Arriv.at Protocol Arrival Protocol Arri\'al Protocol Arrival Proti)COI Arrival Protocol Arrival Protocol 

1 480 5 10 7 5~0 570 600 630 
480 510 5 540 570 000 630 

3 

5 

480 

480 
480 

510 

5 10 
510 

540 

540 
54() 

Table 2. Example of a Pa tient Schedule file. 

1.3. Real-Time En n is file. 

570 

570 
570 

13 

10 

000 

600 
600 

12 630 

630 
630 

The Real-Time Events ftle stores (we assume, in the CSV fonuat) information on patient-related 
and beam-related events since the beginning of the day up to the present moment. For each 
e.vent, three piec.es of information are recorded: " time stamp", '"treatment room", and "event 
type" . The "time stamp" records the time at which a particular event happened (expressed, for 
example, in minutes since midnight). The " treatment room" is the number of room in which 
event happened. The "event type"" describes one of (currently :5) possible events of importance 
to the beam allocation algoritluu: 

Event type 1 = " Patient has entered the treatment room" 
Event type 2 = "Patient is ready for the beam" 
Event type 3 = " Beam has been delivered to the room" 
Event type 4 = " Beam has been returned from the room" 
Event type 5 = " Patient has left the room" 

An example of the Real-Tin1e Events file is shown in Table 3 below. 

TimeStamp Room Event Type 

480 1 1 

480 2 1 

480 3 1 

480 4 1 

480 5 1 

483.1 2 2 

483.5 1 2 

483.6 2 3 

484.5 2 4 

484.7 1 3 

485.2 4 2 

486.3 1 4 

487.5 5 2 

Table 3. An example of a Real-Time Events file. 

In this example, the sequence of events is as follows: at 8:00am 5 patients enter rooms 1 through 

5. Next, at 8:03 :06am the patient in room 2 is ready for the beam, followed by a patient in room 
1 that becomes ready for the beam at &:03:30am. The beam is d.elivered to room 2 at 8:03:36am 



85 
 

 

and is returned at 8:04:30am. Beam is then delivered to room 1 at 8:04:42am. Next. the patient in 
room 4 gets ready for the beam at 8:05:12am. The beam is retumed from room 1 at 8:06:18am. 
Finally, patient in room 5 gets ready for the beam at 8:07:30am. 

1.4. H ow the b eam-allocation application operates in nal tiline. 

It is asswned that when the beam allocation algorithm is invoked in real time, there is at least one 
room waiting for the beam. Ifthere i s only a single room waiti.ntg for the beam. the beam will be 
sent to that room. If there are two or more rooms waiting for th•~ beatn, the beam allocation 
algorithm will read the contents of the Daily Schedule and Real-Time Events files and will 
convert the information in these two files into the current "state" of the treatment system, 
representing a sequence of preparation and field times remainill!g to be delivered in each 
treatment room at a time when a beam allocation decision need:s to be made, as well as the 
waiting tin1e, if any, incurred so far by the next field ready to be served in each room. The idea 
behind a real-time single-field dynamic beam allocation algoridlun (RTSFD) is based on 
analyzing the througllputs resulting from sending the beam to each of the currently waiting 
rooms, followed by first-ready first-serve beam allocation (FRFS) afterward~. In other words, the 
RTSFD algorithm operates on the assumption that all preparation and field durations are known 
with certainty. In the detemlinistic setting, comparison betweeJ!l the alternative bean1 trajectories 
takes very little time for any realistic number of fields/patients 1remaining to be served at the time 
the allocation is made. On the other hand, if the values of future preparation and field durations 
are random (and known only u1 distribution, as described in prcotocol data files), the goal of 
minimizing the througl1put has to be adjusted, for example, to a goal of minimizing the expected 
throughput. In such settings, the task of calculating the expected througllput resulting from 
followu1g a FRFS beam allocation approach is actually hard to accompli~h, especially in real 
tin1e, since the FRFS beam trajectory itself depends on the actual values of preparation and field 
durations. One adaptation of the deterministic version of the RTSFD algorithm to stochastic 
settings is. when making a beam allocation decision, to approximate the future (random) 
preparation and field durations by their expected values. Note tJllat when a beam allocation 
decision is made in real time, the decision maker knows tl1e actual values of the waiting times for 
those patients that are ready for the beam. and the elapsed preparation durations for those 
patients that have not yet completed their preparation phases. The idea of a "mixed" state of the 
system stems from the amount of infonn ation available to the decision maker at the time the 
beam allocation has to be made: the exact values of waiting and elapsed preparation durations as 
well as the distributional information on the remauung future p1reparation and field durations. 

Once the mixed state of the. treatment system is calculated, it is passed on to the beam allocation 
algoritlrm (such as RTSFD algorithm) that calculates which roo.m should receive the beam next. 
Given that the Real-Time Events fil e records all beam and patie:nt-service related events, at the 
end of each day it is possible to provide an analysis of the effect of altem ative bean1 allocation 
approaches, such as FRFS. 
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2. Simulating the performance of beam-allocation algorrithms under different patient 

sequences and stochastic durations. 

At present, we have built a portfolio of alternative real-time beam allocation algorithms and 

in the past several months we have designed a simulation tc• test the performance of these 
algorithms tmder different patient sequences and de.terminis:tic and stochastic durations of the 

preparation and field phases for each treatment protocol. Be·low we report the results of 
several such test studies. 

2.1. Data used in the numetical tests. 

In our munerical tests we have used the data from the "Dataset 2" collected during the 

summer of2010. Tlus dataset represents the field and prepatration durations for the treattuem 
protocols shown in Table 4. The ''% of Patients" field repres ents the fraction of patients 

treated according to a particular protocol. 

Protocol Site Fields % Patients 

1 Prostate 2 49.73 

2 Brain 2 5.41 

3 Brain 3 20.54 

4 Chest 2 3.78 - 5 Lung 3.24 

6 Forearm 2 2.7 

7 Sacrum 2 3.24 
8 Spine 3.24 

9 Sternum 2.16 -
10 Abdomen 2 1.62 

11 Pelvis 2 1.08 
. 

12 Thymoma 2 1.63 

13.Sacrum 3 1.63 

Table 4. Treatment protocols used in the numerical studly. 

Using these treatment protocols, we have generated random. daily patient sequences using the 

probabilities based on the % fractions from Table 4. For each daily patient sequence, we have 
assumed that the first patient arrives to each treatment roomt at 9:00am, and that each 

following patient enters a treatment room inrmediate ly after· the deparnue of the previous 

patient. Table 5 shows an example of a randomly generated patient sequence with 15 patients 

in each treatment room. 

1 l 1 1 2 1 I 

u " u 
1 l 1 IU 1 I ll 1 U li l 1 ----------------------------------------

Table 5. An example of a daily patient sequence with 15 patients in each room. 
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In our numerical tests we have used both the deterministic 2md the stochastic durations of 
each preparation and field phase for each of the protocols int Table 4. In the "deterministic" 

experiments we have used the durations shown in Table 6. 

Protocol Name Prop Phaso1 Field 1 P"'P Phaso 2 Field :1 PropPh""'3 Fiold 3 Prop Phaso4 
l Prostate-2 7.8 1.4 3.7 1.4 2.8 N/A 
2 Braln-2 11.7 0.7 3.3 1.0 3.4 N/A 
3 Braln-3 10.9 0.6 3.4 0.4 3.5 0.4 
4 Ch0$t·2 13.2 !. 2 2.9 0.6 2.2 N/A 
S l ung-2 12.4 0.6 3.0 0.7 3.5 N/A 
6 Forea rm-2 12.1 0.8 4.4 0.9 3.4 N/ A 
1 Saerum-2 u .s 0.7 2.6 0.& 2.5 N/A 
8 Spine-2 11.0 1.1 5.0 1.4 4.6 N/A 
9 Sternum-2 10.0 1.0 4.1 0.7 2.2 N/A 

10 AbrJomen-2 18.3 0.5 3.7 o.s 3.9 N/ A 
11 Pelvis· 2 u.s 0.5 3.6 0.5 2.1 N/A 
12 Thymoma-2 6.0 0.3 3.8 1.3 2.6 N/A 
13 Sacrum-3 12.4 0.5 2.7 0.4 1.1 0.4 

Table 6. Expected durations (in minutes} of preparations and field p hases for 13 
treatment protocols. 

In the "stochastic" experiments we have used the actual reoorded durations, with 

expectations corresponding to ·the ones in Table 6. Below we report the results of both 
deterministic and stochastic numerical tests. 

2.2.D eterministic dut·ations. 

N/A 
N/A 

N/A 
N/A 

N/1>. 
N/ 1>. 
N/A 

N/ A 
N/ A 
N/A 

N/A 

In our numerical tests, in addition to testing the performanc•e of the RTSFD algorithm, we 
have also focused on investigating the effectiveness of a simpler version of this beam 

allocation algorithm., namely, the one that applies the RTSFD approach only to the patients 
that are currently in the treatment rooms. We call this algori.thm Real-Time Patients-In

Room, or RTPIR. The advantage of using RTPIR is in the fact that it utilizes a much shorter 

planning horizon., and, thus, relies on a much smaller information set. 

2.2.1. RTSFD vs. RT PIR: fi:l:ed patien t sequences. 

As an initial check, we have applied both the RTSFD and R.TPIR to 1000 randomly 

generated patient sequences consisting of N=l patient in each room. By constmction, both 
algorithms are producing identical results in this case. In our tests, we have kept track of3 

performance measures for each algorithm: throughput (time· required to complete the last 

field of the last patient), the total patient waiting time (sum of all times ~pent by all patients 
waiting for the beam), and the maximum patient waiting time {the largest amount of time 

spent by any patient waiting for the beam). Note that since lhe total sum of all fields for all 
patients does not depend on the chosen bean1 allocation m le, the throughput minimization i~ 

3.2 

3.5 
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equivalent to minimizing the beam idle time, i.e., the total amount of time beam spends 
waiting for some patient, to get ready. The results of these te:sts are presented in Table 7. 

lbrou:chput IUSFO Throu! hput A:ll'llt Total P41tlent W~ ltlSIO Total Patient !o\/ait ltTPIIt Max h tlent WaitRTSFD M a htlent Wait RTPIJI 

AVeR;I~Gap 0.029 0.029 0.009 0.009 -0.052 -0.052 
St.Orev.G~ 0.041 0.041 0.025 0.025 0.104 0.1041 
Max Gap 0.129 0.129 0.227 0.227 0.264 0.2641 
Min Gop 0.000 0.000 -{J.l79 -0.179 -1.040 -1.0401 

Gap 1 RT'SFO G;~oplltTPIR ~pW RTSf.O GapW ,!TPlA Gap Mu:W RTSFO a-.p Ma:tW ittPIIt 

I Gap l ft"fS¥0 1.00 
Gap -fftTPIR 1.00 1.00 I 

G;,pW RTSFO 0.53 0.53 1.00 I 
GapW RTPUt 0.53 0.53 1.00 1.00 I 

G:lpMuWIITSfO ·0.64 -0.64 -0.33 -0.33 1.00 I 
GAP ~ll W RTPlR ·0.64 -0.64 -0.33 -0.33 1.00 1.ool 

Tab le 7. Pedor·mance of RTSFD and RTPIR for· N=l p a1tient in each treatment room 

(1000 nndomly generated patient schedules, determinis tic du rations) . 

As expected, both algorithms result in the same performance - on average (for a randomly 

selected patient schedule), they result in 2.9% improvemenr in generated throughput as 
compared to FRFS. In addition, both algorithms generated !:mall (0.9%) reduction in total 
patient wait time., while increasing the maximtun patient wa~t time, on average, by 5.2%. It is 
not surprising that the maximum patient wait time increases. when beam allocation deviates 

from FRFS approach that allocates the beam to patient with the longest wait. A similar 

message is contained in the correlation matrix : throughput reduction is positively correlated 

with the reduction in total patient waiting time and negative ly correlated with the reduction in 

tnaxitnum patient \Vaiting time. 

However. it is imp01tant to note that the actual patient sequences, of course, are not random 
and can be selected to m aximize the impact of real-time beaun allocation. As Table 7 

indicates, ilte throughput improvement can vary from non-existent to 12.9%. Figure 8 shows 

the distribution ofilte throughput intprovemem for RTSFD and RTPIR in this case. 
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Throughput Gap between RTSFD/RTPIR and FRFS 

Figure 8. Distribution of the throughput performance gap for RTSFD and RTPIR 
algorithms (1000 randomly generated patient schedules with N=1 patient in each 
tt·eatment room, detet·ministic durations). 

Next, we conducted tests for patient sequenc.es that include N=2 patients in each room. Table 

9 reports the results on these tests. 

"' "'"'"""' Anna• Gap 0.030 
St.Orw. Ga11 0.024 ...... 0.120 
..., ... 0.000 

Q T ltfStD 

Gap Tll':mD 1 
Gapllm'lR 0.60347058 

~WRTSFO 0.42069701 
... w ..... 0.19121344 

GapMuWitTSFD -0.34371277 

GAI'MuWRf'PC:Il -0.02326322 

"'~" tiTP'IR 1'otal Patilnt W.ak ITSJO Total P~o'doent Wall tn'PUI 

0.014 
0.023 

0.093 
·0.067 

0 .091724481 
0 .272998989 

0.089 
0.090 

0 .341 
-o.196 

• Wln1f0 

1 
0.369948631 

·0 .039513219 ·0.384679765 

~.139525213 0.110826305 

·0.008 
0.076 

0 .340 
·0.348 

Goa Wft't11tlt 

1 
0.045792966 

0.21533004 

Mu Pade:M W&lt llTSf.D 

-o.321 
0.331 

0.356 
-1.844 

Gil MDWitrsto 

1 
0.15278711 

Muhdtr.tWallln'PUt 

~.063 

0.131 

0.318 
·1.072 

G.t.PMaWIITPIIt 

Table 9. Perfot·mance of RTSFD and RTPIR for N=2 pa1tient in each treatment room 

(1000 randomly gene.-ated patient schedules, deterministic durations). 

As we observe, that performance of the RTSFD algorithm remains largely unchanged, with 
the average throughput performance improvement of3.0%, and the maximum improvement 

of 12%. However, the performance of the RTPIR. algorithm decreases to an average 1.4% 

improvement in throughput (with maximum improvement of 9.3%). Note that the worst-case 

performance of the RTPIR. i> an increase of6.7% in the throughput as compared to FRFS. 

The correlation between the throughput gaps generated by RTSFD and RTPIR. algorithms is 
60%. Figure I 0 shows the distribution of the throughput performance gap for the RTSFD 
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algoritlun. As we observe, the proportion of cases in which RTSFD manages to generate an 
improvement over FRFS increases from 41.7% to 91.4%. 
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Figure 10. Distribu tion of the throughput performan ce ~~ap for RTSFD and RTPIR 
algorithms (1000 randomly genHated patient schedules with N=1 patient in each 
tt·eatment r oom, deter·ministic durations). 

As the next step, we have created patient seque.nces with up• to N= 15 patients in each 
treatment room. Figure 11 shows how the average (over 1000 random patient sequences 

generated for N= 1, 2, and over 100 random patient sequenc•es generated for N =3, .. . ,15) 

throughput gap (as compared to FRFS) changes with N for RTSFD and RTPIR algorithms. 
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Figu re 11. Average tht·oughput gap for RTSFD and RTJPlR vs. FRFS algori thms as a 

function of number of patients sch eduled in each trea tment room, N (deterministic 
dm·ations). 

As Figure II indicates, the average RTSFD performance is not substantially affected by the 

munber of scheduled patients and remains between 2.5% antd 3%. At the same time, average 

RTPIR performance dtops as tile number of scheduled patie:nts increases. In particular, as N 
reaches 6, the average performance of the RTPIR drops to 0%. It is important, however, to 

also keep in mind that the choice of the patient sequence cam significantly affect the 
performance of a particular algoritlun. Figure 12 shows how the maximum throughput 

improvement values depend on the number of patients scheduled in each treatment room. 
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Figure 12. M aximum thi'Oughput gap for RTSFD an d RTPlR vs. FRFS algor ithms as a 
func.tion of number of patients sch eduled in each treattnent roout, N (deterministic 
clm·ations). 

As we observe from Figure 12, for N> l patients per roolll, bes t RTSFD performance (over 

throughput generated by FRFS) is in the 5%-12% range, while be.st RTPIR performance is in 
the 3%-9% range. 

It is interesting to look at how such throughput improvements can be translated into increases 
in the number of patients served each day. Figure 13 shows how the average (over 100 

random patient sequences) throughput generated by a FRFS, policy changes when the number 

of patients scheduled in each room increases from N= l (5 total scheduled patients) to N= l 5 

(75 total scheduled patients). 
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Figure 13. Average (owr 100 random patient sequences) throughput generated by the 

FRFS algorithm as a function of total number of scheduled patients (deterministic 
durations). 

A simple lineae regression provides a very good fi t to these values (with R2 =0.995) 

indicating that, when another 5 patients ace added to the seqtuence, the throughput increases 
by about 4.64 minutes per patient, on average. Figure 14 " z•ooms in" on the region between 

60 and 75 scheduled patients and adds the average throughput values for the RTSFD (in red) 

algorithm for comparison. 

60 61 62 63 64 6 5 66 67 68 69 7 "0 71 72 73 74 75 

Total number of scheduled patients 
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Figure 14. Average (over 100 ra ndom patient sequences) throughput genera ted by th e 

FRFS (blue) an d RTSFD (red) algorithms as a fun ction of total number of scheduled 
patients (deterministic d urations) . 

Figure 14 points out that, for example, for N= 14 patients in each room (70 scheduled patients 

in total), moving from FRFS to RTSFD leaves time for 1-2 extra patients per day. Since the 

curves in Figures 13 and 14 are based on adding 5 patients (1 per room) at-a-time, it is 
important to analyze a more detailed setting in which patien1ts are added to the sequence one

at-a-time. 

Figure 15 shows the average (over 500 random patient sequ.ences) throughput values for 

FRFS and RTSFD algorithms when the number of patients scheduled changes from 7 5 (15 
patients in each room) to 76 (15 patients in 4 rooms and 16 in the 5th room), to 77 (15 

patients in 3 rooms, and 16 patients in each of the remaining 2 rooms), to 78 (15 patients in 2 
of the rooms, and 16 patients in the remaining 3 rooms), to 79 (15 patients in 1 room, and 16 

in each of the remaining 4 rooms), to 80 (16 patients in each room). As Figure 15 indicates, 
depending on the patient configuration, the use ofRTSFD instead of FRFS allows to "inject" 

between 1 and 3 extra patients within the throughput range generated by FRFS. 
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c • 
! 360 
s 
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~ 35s r- --..- -----------•-----
r 3so • 
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" :;." 345 F- --11----
~ 
..: 340 

335 ·+---------,...----~---~·--~ 
75 76 77 78 79 80 

Total number or scheduled patients 

Figure 15. Average (over 500 ra ndom p atient sequences) throughput genera ted by the 

FRFS (blue) and RTSFD (red) algorithms as a function of total num ber of scheduled 
patients (deterministic durations). 

2.2.2. RTSFD performanc.e: improving patient sequen c:es. 

One important factor in considering potential throughput improvement is optimizing patient 
sequencing. For the same patient arrival times in each room, simply switching the sequence 

in which patients are scheduled to arrive can have a measur:able in1pact on the throughput, 
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and, consequently, on beam utilization. In this Section we n:lport tbe results of numerical tests 
in which tbe improvements in real-time beam allocation are combined witb tbose resulting 

from using better patient sequences. In our munerical tests, we first looked at the patient 

sequences with N=2 patients in each room. In particular, we' have generated 500 random 

patient sequences. For each patient se.quence, throughput va1lues T~D and T~5 for RTSFD 

and FRFS algoritluns are calculated. After tbat, a random permutation of patient sequence in 

each room is generated, and RTSFD and FRFS are applied :again to tbis pennuted patient 
sequence. Among tbe results for 50 random permutations, tlbe one witb lowest FRFS 

throughput value cr:RFS) and the one witb the lowest RTSFD throughput value CT%nro) are 

selected, and tbe performance gaps&~== (T~ -T:mD)/T:IIFS, 

&~RFS = (T~ - Tfl/FS)/T:RFS , and ekrz, = (T~- T%nm)/:r~ are calculated. In other 

words, tbe first error term represents an improvement generated by applying RTSFD beam 
allocation to a random patient schedule, the second term represents an improvement 

generated by altering patient sequence, and tbe final one - a1n improvement generated by 

combining the two approaches. Table 16 shows the resultin:g values of these & error tenus. 

Average over 500 
patient sequences 

0 
0nrsro 

2.85% 

h 
[;FRFB 

4.92% 6.23% 

Table 16. Combined pel'fot·mance of RTSFD and improvecl patient sequence (N=2 

patients in each room, detenninistic durations). 

As we observe, tbe average RTSFD contribution of2.85% can be enhanced to 6.23% by 
using better patient sequencing. On tbe otber hand, using improved patient sequencing while 

retaining tbe FRFS beam allocation approach results in an average improvement of 4.92%. 
While tbe contribution of pure patient sequencing appears tQ be higher, it is in combination 

of these two approaches that the highest improvement is achieved. 

Next, we have applied tbis approach to a "real-size" problem containing 15 patients in each 

room. For tltis larger problem, we have used 50 random patient sequences, and for each 

patient sequence, 25 different sequencing scenarios. The results are reported in Table 17. 

Average over 50 
patient sequences 

0 
SRTSFD 

2.62% 3.26% 4.61% 

Table 17. Combined pel'fonnance of RTSFD and improwd patient sequence (N=15 

patients in each mom, detenninistic durations). 
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Table I 7 illustrates the point that the effectiveness of joint application of effective real-time 
beam allocation approaches and improved patient sequencing enhances the overall impact on 

the resulting throughput: RTSFD alone generates an average 2.62% improvement in 

throughput, while combined with better patient sequencing brings the average improvement 

to 4.61%. 

2.3.Stochastic dm·ations. 

We have extended our numerical experiments to the setting where the actual durations of the 
preparations phases and fields for all treatment protocols are random. In our numerical tests 

we have used the actual data from Dataset 2. 

2.3.1. RTSFD vs. RTPIR: fixed patient sequences. 

As was done for the setting with deterministic preparation and field times, we first have 

applied both the RTSFD and RTPIR to 100 randomly generated patient sequences consisting 
of N= I patient in each room. As before, by construction of lRTPIR algorithm, both algorithms 

are producing statistically identical results in this case. The results are presented in Table 18. 

...... utRTSFn 1hi'C!.'IihPJit Gt~_p_fi.TP'IR ToQI h1!.11t W•ll RTSFO ToQI Pat.,.tW•ItRTPtR Ma10 hlltll'lt \V,ilt M'SFO Mix P•tMnt WiA.RTPIR 

A-.. ... ra~;e&!p 0.01512194 0.015565194 0.001212094 0.00188U3 -{).0~6031444 -0.044940352 
$t.O.v.~p 0.0088734 0.008853695 0.0071629g 0.007187766 0.030105557 
M oh(iQI) 0.043998432 0.034632523 0.018419()96 0.021117403 0.003177966 
Mir'IGap -0.0002d5909 ·O.OOOS7117 -0.0239681031 -0.0112 73734 -0.124 278677 

Table 18. Perfot·mance ofRTSFD and RTPIR for N=l p1atient in each treatment room 
(100 randomly generated patien t schedules, random dur·ations). 

Note that, averaged over randomly-generated patient sequence, as compared to FRFS, 

RTSFD and RTPIR reduce throughput by about 1.5%, with minimum gap of about 0% and 
maximum gap of around 4.4%. On average, both algorithms reduced total patient wait time 

by about 0.1 %, but increased maxinnun patient wait time by about 5%. As compared to 

Table 7, the average throughput gap in the presence of stochastic durations is reduced from 
2.9% to I 5%, and the maximum throughput gap is reduced from 12.9% to about 4.4%. The 

corresponding distribution of the throughput improvement gap is shown on Figure 19. 

0-9~ 
0.005498754 

-0.1328125 
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Figure 19. Distribution of the throughput performance ~~ap for RTSFD and RTPIR 

algorithms (100 randomly generated patient schedules with N=1 patient in each 
tt·eatment room, random durations). 

2.3.2. Combining RTSFD with improved patient sequen·cing. 

As in case of det.enninisiic durations, the performance of th.e beam allocation algorithms 

strongly depends on the selected patient schedule. In order t:o verify the impact of patient 

sequencing on the overall throughput reduction. we have conducted the variant of the study 

described in Section 2.2.2 for N=2 patients in each tre.atmelllt room. In particular, we have 
generated SO random patient sequences, and for each patient sequence, we have applied the 

adapted version ofRTSFD (a~ described in Section 1.4) and FRFS algorithms to 100 
scenarios involving random durations for preparation phases and fields. After that, I 0 
random permutations of each patient sequence were generated, and the procedure repeated 

for each permutation. Among the results for I 0 random pennutations, the one with lowest 

expected FRFS throughput value ( T:Us ) and the one with t!ile lowest expected R TSFD 

throughput value ( T~D) are selected, with expectations calculated over 100 scenarios for 

each patient sequence. The resulting values of the performance gaps 

&~z= = (TJvs - T%z=)/T:RFS, &~ = (Tfus - T:US)/ TJvs , and 

&!z= = (TJvs- T%z=)/T:RFS are presented in Table 20. 

Average over 50 patient 
sequence 

1.33% 

o·k,. 
1.97% 3.00% 

Table 20. Combined pedot·mance of RTSFD and improved patient sequence (N=2 

patients in each room, random durations). 
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Summary 
We have developed a prototype beam allocation application, with simulation studies focused on 
investigating the performance of the beam allocation algorithms under stochastic durations of 
preparation and field times, and studying the infuence of different patient sequencing schemes 
on throughput performance. Clinical implementation will require software upgrades to be 
installed by the proton therapy vendor (IBA), scheduled for March 2014, which will increase the 
efficiency of beam delivery, beam switching and beam layering. Once the commercial software 
upgrade that is required for continued patient care is completed, the prototype beam allocation 
application will be tested in a clinical format.  
 

 
 

KEY RESEARCH ACCOMPLISHMENTS 
 

Tissue Heterogeneity: 
 Built a heterogeneous phantom, exposed the radiochromic film to protons. 

 
 Validated using WRNMMC CT-Simulator for imaging phantoms. WRNMMC CT numbers 

for a variety of materials close to CT numbers for University of Pennsylvania CT-Simulator. Look 
up table for proton stopping powers for WRNMMC are sufficiently close expected from those 
from University of Pennsylvania. 

 
Linear Energy Transfer: 

 First report for measuring LET over areas. 
 

 First mathematical development for posited quenching mechanism 
 

 Highest LET value measurement including preliminary volume measurement of LET. 
 

 Tested LET measurement for protons for a variety of ranges. 
 

 Tested LET measurement procedure for narrow Bragg peak and SOPB 
 

Multichannel Dosimetry: 
 Conceived, described, tested a multichannel (red, green, blue) film dosimetry for 

analyzing darkening of radiochromic films due to radiation such as x-rays and protons. 
 

 Multichannel approach corrects small (but dosimetrically significant) scanner illumination 
variations and local imperfections in radiochromic film 
 

 Demonstrated improvement of multichannel approach over single or dual channel film 
dosimetry. 
 

 First detailed mathematical description of multichannel approach 
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 Conceived, tested new parameter (RS) or relative slope to ensure appropriate 
multichannel application and doses. 

 
Organ Motion: 

 Dynamic lung phantom for use in radiation treatment verification was designed and 
constructed 

 Continued assessment and refinement of the phantom is still required prior to clinical 
implementation 
 
Telemedicine: 

 The RPRT telemedicine solution, developed, tested, and optimized over the course of 
phases IV and V, is currently being used to treat DOD beneficiaries. Preliminary results will be 
presented in an upcoming manuscript. 

 The overarching intent of the telemedicine solution was to 1) keep WRAMC/WRNMMC 
providers involved in the care of their patients despite not having the capability to deliver proton 
radiation therapy on-site and 2) minimize patients’ time away from home and/or work by taking-
on some of the functions otherwise performed by the proton treatment center (staging, 
enrollment, and treatment planning). In this regard, the telemedicine solution should be 
considered a success since it has achieved, and will hopefully continue to realize, these two 
goals. 

 Across cases, all patients have thus far been able to start their treatment on time 
(arriving at Philadelphia on Day 0 and beginning their course of proton radiation therapy on Day 
1) and only one of the remotely generated treatment plans needed partial re-planning (the result 
of a software upgrade at HUP). 

 The Standard Operation Procedure (SOP) for the RPRT process was refined from an 
early concept (Figure 4) to the one currently in use (Figure 5). 
 
 

 
 

Figure 4 – SOP (early concept) 
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Figure 5 – SOP (in-use) 
 
 

 The deployment of the telemedicine prompted the opening of proton-specific clinical 
trials (a parallel effort, not funded by this cooperative agreement).  

o Proton Radiation for Low-Grade Gliomas 
o A Trial of Proton Radiation Therapy Using Standard Fractionation for Low-Risk 

Adenocarcinoma of the Prostate 
o A Feasibility Trial of Proton Radiation Therapy or Intensity Modulated Radiation 

Therapy Using Mild Hypofractionation for Intermediate-Risk Adenocarcinoma of 
the Prostate 

 
 Each trial takes the form of a Cooperative Research and Development Agreement 

(CRADA) between WRNMMC and HUP. Patients enrolled under the two prostate trials have 
benefitted from the use of the RPRT solution. 
 
Neutron and Microdosimetry of the Proton Beam: 

 A microdosimetry system was developed for characterizing microscopic patterns of dose 
deposition and relating these measurements to variations of the biological effect of proton 
induced secondary radiation. This development included fabrication of microdosimeters, 
construction and development of pulse processing electronics, software development for the 
data acquisition application, testing and troubleshooting in x-ray and proton fields.  
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 The system is currently being employed in experiments with the proton beam and many 
future experiments in collaboration with biological effect studies are in the planning stages.  

 The first results from proton beam microdosimetry measurements will be detailed in an 
upcoming manuscript. 

 A dual ionization chamber dosimetry system was developed for measurement of 
absolute dose in the mixed gamma-ray /  neutron radiation field induced by protons interacting 
in the patient and the beam modification devices such as the Tungsten MLC. This development 
included fabrication of large volume ionization chambers from tissue equivalent plastic and 
Magnesium, and development of Monte Carlo simulations to determine the sensitivity of these 
chambers to gamma-rays and neutrons.  

 The first results from measurements of the neutron dose produced by the Tungsten MLC 
compared to that produced by a brass collimator system has been published.  

 The system is currently being employed to compare the neutron dose from the 3 proton 
beam delivery modalities (passive scattering, uniform scanning, and pencil beam scanning). 
The results of this study will be included in an upcoming manuscript.  
 
Cone Beam Computed Tomography (CBCT):  

 Designed and implemented a CBCT system on a test bench. Installation and 
deployment of the   CBCT system at the University of Pennsylvania proton system is 
expected in early 2014. 

 Developed software and image reconstruction platform for proton CBCT system 
 Developed novel applications of CBCT specific to proton therapy to detect potential 

proton range deviations due to anatomical change.  
 
Calypso: 

 Procured, installed, tested, and upgraded the Calypso System for use in a proton 
treatment room at Roberts. 

 Investigated the dose shadow effect downstream of the Calypso Beacon transponders 
and determined guidelines for the beacon implantation and treatment planning 
strategies. 

 Further validated the Geant4-based Monte Carlo simulation code developed at the 
University of Pennsylvania under Phases I and II of this Award. 

 Implemented a patient research protocol and began the collection of data using patients 
previously treated with photons to investigate the accuracy of Calypso localization in 
vivo. One patient has been setup with Calypso in the proton room and compared with 
imaging with positive results. 

Radiobiology: 

 Developed a model system for preclinical testing for proton RBE, via established cell 
lines and methods. 

 Measure RBE for protons, detailing the dependence of RBE on physical beam and 
biological cell properties. 

Positron Emission Tomography (PET) of proton beams to verify dose deposition: 

 Developed prototype RATX detector system for testing, with completion of design and 
production of a series of modifications to the existing proton treatment table. 
 

 
Proton Beam Allocation Project: 
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 Developed a prototype beam allocation application, with simulation studies focused on 
investigating the performance of the beam allocation algorithms under stochastic 
durations of preparation and field times, and studying the infuence of different patient 
sequencing schemes on throughput performance. 

 

 
REPORTABLE OUTCOMES 

 
Tissue Heterogeneity: 
No reportable outcomes yet 
 
Linear Energy Transfer: 
Rulon Mayer, Marcus Fager, Alejandro Carabe, Liyong Lin, Jim McDonough, Donna Kessel, 
John O’Connell,  “New Areal Proton LET Detector”, Abstract/Poster presented at University of 
Pennsylvania Radiation Oncology Retreat. December 8, 2012. 
 
Multchannel Dosimetry: 
Mayer R Ma F, Chen Y, Miller R, Belard A, O’Connell J , McDonough J, 2012 Enhanced 
Dosimetry Procedures and Assessment for EBT2 Radiochromic Media,  Medical Physics,  39  
2147-2155. (see Appendix for manuscript) 
 
Organ Motion:  
Jessica R. Sheehan, Rulon Mayer, Arnaud Belard, and John O’Connell, “Development of 
Dynamic Lung Phantom for Radiation Treatment Verification”, Abstract presented at IMECE 
2013-ASME 2013 International Mechanical Engineering Congress and Exposition, November 
15-21, 2012 in San Diego, CA 
 
Telemedicine: 
Improving Proton Therapy Accessibility Through Seamless Electronic Integration of Remote 
Treatment Planning Sites. Belard A, Dolney D, Tochner, Z, McDonough J, O’Connell JJ – 
Telemed J., 2011, Vol. 17. 
 
Development of a Remote Proton Radiation Therapy Solution over Internet2. Belard A, Tinnel B, 
Wilson S, Ferro R, O'Connell J. 10, s.l. : Telemed J., 2009, Vol. 15. 
 
A Hybrid Integrated Services Digital Network-Internet Protocol Solution for Resident Education. 
Erickson D, Greer L, Belard A, Tinnel B, O'Connell J – Telemed J., 2010, Vol. 16. 
 
Comparison of Intensity-modulated Radiotherapy, Adaptive Radiotherapy, Proton Radiotherapy, 
and Adaptive Proton Radiotherapy for Treatment of Locally Advanced Head and Neck Cancer. 
Simone C, Lyu D, Ondos J, Ning H, Miller R, Belard A, Simone N – Radiother Oncol. 2011 Jun 
12. (see Appendix for manuscript) 
 
Comparison of Predicted Excess Secondary Malignancies and Normal Tissue Toxicities 
Between Proton and Photon Radiation Therapy for Treatment of Stage I Seminoma. Simone C., 
Kramer K., O’Meara W., Belard A., McDonough J., O’Connell J. – Int J Radiat Oncol Biol Phys. 
2011 Jan 13. (see Appendix for manuscript) 
 
Neutron and Microdosimetry of the Proton Beam: 
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E. S. Diffenderfer, C. G. Ainsley, M. L. Kirk, J. E. Mcdonough, and R. L. Maughan, “Comparison 
of secondary neutron dose in proton therapy resulting from the use of a tungsten alloy MLC or a 
brass collimator system,” Med. Phys., vol. 38, no. 11, pp. 6248–6256, 2011. (see Appendix for 
manuscript) 
 
E. Diffenderfer , C. G. Ainsley, M. L. Kirk, J. E. Mcdonough, and R. L. Maughan, “Reply to “ 
Comment on ‘ Comparison of secondary neutron dose in proton therapy resulting from the use 
of a tungsten alloy MLC or a brass collimator,” Med. Phys., vol. 39, no. 4, pp. 2306–2309, 2012. 
 
Cone Beam Computed Tomography (CBCT):  
(1) J. Seabra, K. Teo, S. Brousmiche, R. Labarbe, D. Wikler, R. Maughan, J. Lee: Design and 
Deployment of a Proton Therapy Cone-Beam CT. Particle Therapy Co-Operative Group Annual 
Meeting 2012, Seoul South Korea(Poster). 
(2) L. Yin, D. Dolney, A. Kassaee, J. Gee, P. Ahn, A. Lin, J. McDonough, R. Maughan, B. K. 
Teo: Image-Based Proton Range Verification Using Intensity-Corrected CBCT. AAPM Meeting 
2013, Indiana, PA (Oral).   
 
Calypso: 
Publication: Derek Dolney, James McDonough, Neha Vapiwala and James M Metz, Dose 
perturbations by electromagnetic transponders in the proton environment, Phys. Med. Biol. 58 
(2013) 1495150. (attached as Appendix) 

Poster: Derek Dolney, James McDonough, Neha Vapiwala and James M Metz, Investigation of 
dose perturbations by electromagnetic transponders in the proton environment, American 
Radium Society Annual Meeting (2012). 

Radiobiology: 

Eblan, M, Cengel, KA: Biology of Proton Therapy, Old and New Considerations. Radiation 
Medicine Rounds:  Proton Therapy. Metz, JMThomas, CR (eds.). 1(3): 441-454, 2011. 
 

Positron Emission Tomography (PET) of proton beams to verify dose deposition: 

Kirk ML, Teo B, Dolney D, McDonough JE, Tochner Z, Lin A, Lin L. Verification of Proton 
Treatment Dose Calculation and Delivery Using Monte Carlo Simulated Dose and Isotope 
Distribution and Measured Isotope Distribution. Presented in abstract form and oral presentation 
at the 2011 Annual Meeting of the American Society of Radiation Oncology, Miami, FL.  
 
Proton Beam Allocation Project: 
None to date. 
 
 

CONCLUSIONS 
 
Tissue Heterogeneity: 
Building the heterogeneous phantom, developing techniques for achieving accurate 
radiochromic film dosimetry, testing and validating LET measurement tools provide the essential 
components for measuring the dose within heterogeneous materials. In addition, this research 
seeks to measure the LET within the heterogeneous materials and validate with Monte Carlo 
calculations. 
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Linear Energy Transfer: 
Biological response to radiation depends on the dose, dose rate, and localized energy 
deposition patterns or linear energy transfer (LET). Most experiments that measure spatial 
distribution focus on dose and almost none on the LET patterns. This study describes and 
examines the first report of measured spatial distribution of the LET delivered by proton 
irradiation over an area using EBT2 radiochromic film The radiochromic film sensitivity 
diminishes with high energy deposition, or LET. A heuristic formulation connecting the film 
sensitivity and LET is presented. The discrepancy between the absolute measured and 
expected dose distribution is exploited to determine the LET. This study proposes a metric, the 
scaled, normalized difference (SND) between the treatment planning and measured dose. The 
SND is correlated with a Monte Carlo calculation of the LET spatial distribution for a large range 
of SNDs. A polynomial fit between the SND and Monte Carlo (MC) LET is generated for protons 
having range of 20 cm with narrow and Spread Out Bragg Peak (SOPB), modulated by 5 cm. 
Coefficients from these polynomial fits were applied to measured proton dose distributions with 
a variety of ranges. Gamma analysis is calculated for areas in the dose distribution between 70 
cGy and 200 cGy using gamma analysis parameters of 25% of MC LET, and 3 mm in two 
dimensions. The processed dose distributions finds 5 to 10 % gamma exceedances for the 
narrow 12.5 and 15 cm proton ranges and 10 to 15 % for proton ranges of 15, 17.5 and 20 cm 
and modulated by 5 cm. The approach discussed in this study is not sensitive enough to 
measure a high energy photon LET. 
 
Multchannel Dosimetry: 
This study described, developed and tested new processing methods for reducing inaccuracies 
in absolute dose determination due to inhomogeneities within the film and from scanning. This 
study found better performance using optimized multichannel following averaging of all color 
channels. Combining the channel ratios in a hybrid approach also achieved high performance. 
Averaging the test films reduced temporal noise that severely degraded the blue channel. This 
methodology avoided using cumbersome, registered correction matrices. Novel registration and 
digital rotation of CT images enabled quantitative testing and helped improve contact between 
the radiochromic film and phantom. 
 
Organ Motion: 
Significant progress was made in designing and constructing a dynamic lung phantom for use in 
radiation treatment verification. Assessment and refinement of the prototype is on-going.  
 
Telemedicine: 
The overarching intent of the telemedicine solution was to 1) keep the MTF providers involved in 
the care of their proton patients despite not having the capability to deliver the treatment 
modality on-site and 2) minimize patients’ time away from home and/or work by taking-on some 
of the functions otherwise performed by the proton treatment center (staging, enrollment, and 
treatment planning). Several DOD patients have benefitted from the system already and we 
expect more will with the opening of additional clinical trials. 
 
The solution developed and deployed is a robust one and could be of great value to satellite 
clinics seeking to remain active participants in the delivery of care, despite the lack of a highly 
specialized treatment modality on-site. While it was not the intent of the cooperative agreement, 
we do hope this powerful telemedicine solution can also serve as a tool to support and improve 
graduate medical education and virtual tumor board, in the Military Health System (MHS) as 
well as on the outside. 
 
Neutron and Microdosimetry of the Proton Beam: 
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The goal of this portion of phase IV was to develop and implement radiation dose measurement 
devices to characterize the secondary radiation produced by therapeutic proton beams with the 
overall goal of predicting and mitigating the adverse effects of secondary radiation produced by 
the proton beam. Two complete and complimentary dosimetry systems were developed from 
the ground up. These systems are being used to collect data that is vital to disentangling the 
role of secondary radiation on the biological effects of proton therapy. 
 
Cone Beam Computed Tomography (CBCT):  
CBCT is expected to be an important imaging modality for proton therapy. The sensitivity of the 
dose deposition in proton therapy compared to photon therapy provides unique applications of 
CBCT such as on line proton range verification. The work performed in the development of the 
CBCT system will guide the development of future imaging technologies and enable the 
precision of proton therapy to be harnessed. All the components and subsystems for the CBCT 
system have been completed and we expect the CBCT system at the University of 
Pennsylvania to be clinically available in 2014. Upon deployment, we expect an enhancement of 
the accuracy proton therapy system through the use of novel clinical applications of image 
guided proton therapy.            
 
Calypso: 
There are several very positive outcomes from Phase IV of the award. The Calypso System for 
target localization and real-time tracking has been developed for use in proton therapy. The 
system will permit more rapid localization and bring real-time tracking capabilities to proton 
therapy for the treatment of disease sites complicated by respiratory motion in particular. Varian 
Medical Systems is now pursuing FDA approval for the use of the Calypso System for proton 
therapy. 
We have determined the level of dose shadow downstream of Calypso Beacon transponders in 
the proton beam by measurements and simulation. The dependence of the shadow on implant 
position relative to the proton Bragg peak has been determined and was published (Dolney et al 
2013). In that publication, we describe some treatment planning strategies and approaches to 
minimize the level of dose shadow. Specific strategies will depend on disease sites and the 
local anatomy and approaches will be further developed in future studies. 
A patient study is now underway to determine the accuracy of localization with the Calypso 
system in vivo. We expect the system to perform at least as well as orthogonal kV imaging and 
will represent an opportunity to spare patients the additional ionizing radiation of daily setup 
imaging and to increase throughput in the proton treatment rooms. Our first Calypso/imaging 
patient showed favorable results that justify this claim. 
 
Radiobiology: 
We have determined that the inter-experimental variability of radiosensitivity profile measure is 
less than the variability in intrinsic radiosensitivity for 3 head and neck cancer cell lines. 
Additionally, we have determined that contrary to our previously stated hypothesis, these highly 
radioresistant cells do not display a dramatic difference in radiosensitivity for the plateau vs mid-
SOBP portions of the proton depth dose distribution. 
 

Positron Emission Tomography (PET) of proton beams to verify dose deposition: 

A prototype PET detector has been developed and tested for use to verify dose deposition from 
proton therapy. Further testing and validation is required prior to clinical implementation. In the 
meantime, a clinical pilot study of PET activation as a means of quality assurance for proton 
beam radiotherapy is ongoing and accruing patients, utilizing a standard PET/CT scanner 
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located in the Roberts Proton Therapy, with preliminary results verifying that proton dose 
deposition as measured reflects that calculated from the treatment planning system.  
 
Proton Beam Allocation Project: 
We have developed a prototype beam allocation application, with simulation studies focused on 
investigating the performance of the beam allocation algorithms under stochastic durations of 
preparation and field times, and studying the infuence of different patient sequencing schemes 
on throughput performance. Clinical implementation will require software upgrades to be 
installed by the proton therapy vendor (IBA), scheduled for March 2014, which will increase the 
efficiency of beam delivery, beam switching and beam layering. Once the commercial software 
upgrade that is required for continued patient care is completed, the prototype beam allocation 
application will be tested in a clinical format.  
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;puwntd 3 number of nrtides cxnrmn111g the new film'• 
propcnits ml proccdurr~ for achieving optimal dosimetry. 
Dtpnmum of t~ rndiochromtc film 111-ough <eanmng wah 
a lbtbtd ..:anncr nnd explottlllf h •b~uy to cxm"' mdmd> 
unl color component> for thl: imu~ Wll.\ cxHnuncd wme 
IJmc ago" ·" and hilS become a ilitndard procedun:}'·1' 
Commm mode reJCCtlon (la~mg die rauo of images lrom 
two differrnt color cl~mnol•) Wll$ employed to huck out lhe 
effect of thic.l..ne"/cumpo•itim variation<. in pontculnr. 
Ohuthlo11 used tltc red nnd green channel!. The manufacw.rtr 
recommends u~ing red and thl: n:latrvely io,o;cn.•iti~ blue 
channels and these mtios wtre swWtd by Pawlicki fl at.• 
and Alami t1 a/.' Puwlic~i rr at.' found that taking thl: rnlio 
of red to blue w~ e...cnti.1l but conftic:ted with Altuni tr at.' 
wbo fowd tblll u•ing the red channel achteved bcllcr ret~ultS 
lhan u!!ilng I he r111io of red to blue ch10mds. Andn:.• tl a/.6 

found that op.imnl dosimetry cbo~e rl red or green cboMds 
wtu d- de~ndenl McCaw tl at. 7 found some improvc
me111 oot ai<O \Omc dcgrt~itlllon us11g red 10 hluc rn1io 10 
cAtl'•ctlhl: do"' l'runt l!BT2 film.. dc~nchnj! on the onalyM~ 
mrlhod O.,vic •I a/.~ extcn<l!d the r:mgc of the lk»imeuy b) 
stitcbin~ the dose from the red chnmtl for low d<>ie, !!~D 
for mtenncdiate dose, noo bloc for higher do<es. DcYic did 
not 11\C r.uw" of rhnnnel• to c>tcnd lhe do"' mn~c und ahn 
mll111lU1.e da.c hrtcrogcnelty rnue,, 

Spatilllly inhomogeneous iDumin:ltion for scanning lhc 
exposed film cnn ulso ~ignifict111ly degmdc dosimemc occo
racy. c:<pc:e."l:llly ncar 1he edJ:e~ rlthl: <ean. Till\ error 1\ rom· 
pnundoJ by the level of d...c: t~['(J"iJI'r, Kulm n "' ' 
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~o~ctcd ~1r <p:lllill hrlr~cncrty by u'ing <panolly rtp>
t£red. unexpo~ film and used the red cbnm<l but only 
employed comrnrison ri da;e trolilcs, not grunnm B11111y9.~. 
Rtdtley rr o/.11 focu\td on mltlgaung ~Connor hgln <Cllllrr· 
'"i· Htmm:mn n ,,/,11 u\td the red d~1nnelta unmine dn\C 
bctcmgeneily runong cit up •lices of EBT2 falnL Devic 
o at.'" chll.IUCttriztd lhr scanner inhomogcnrity 110d its 
effect on doso: dNribulion. F1andm rr a/.11 and Sauer nod 
Frengcn" both proVIded u corrrctiun mntrU: for the scanner 
nilOillO~ocncity uMog lhc red channel ttnd they obo mu~rp<>
nuM diN! k!.vrlt intn lhtlrcorrrcbons. 

To simultaneously :ud :JUtonomously handlt film tmpcr
fccuons and sconner lllununuoon inhomop:neity. Micke 
rt r7t.1• SUU'I:ltetl n mulothamcl tlpprooch und found ligmfi· 
clllll Ultprovtmcnl> rtluhc 10 employing n ;ingle red cbun 
ncl npprooch. The muh1Ch110ncl opprooch usa; 1111 tine 
channel< (red, green, :ud blue) ID extract a single dose for 
cnch pixd Mid~ tlo/.1" demon,tmtrd >ij!nificnrd allevia· 
tlon of lite >ptllinl inhumugencily l"'ur•. Howe~er, no equa 
IJUn< were e~pbctlly quud for the corm:ted do-e • each 
pacl LL'ing I he mublChamelupprnach. It was not cvcn dcur 
wb•lhcr :ut it~mli'"' S<!Airll mi:;ht ha"" been cmployrd 10 
K'lll'Ch for nn optilllJII sohaim. Dirrct comparison "ith 
Mltkc rttll. wu~ thcrrftYe difficult and 111 bc<l ~unm<td. 

Th•' p5p.:r ~ll!imlntdand re-dved ench of lhl:\e technic<! I 
is>.ues by sy•tematic.U) cxphriog u numl:cr of different do
simetry procedures ft:lr I'Mlciog lhe thiok:nr5ll/cc:mpo9tion 
Yllnution~ within the EBTZ mdiochmmic him. Srcclfically 
thh \ludy e~ununed thl: rdullYI: bcno:llL' ul Ll\DIC the ••nuu' 
(Olor ehonnd• (red. gtttn. and blue) or combnauon> of 

mtios of chnonels om llreviously studied. GamlllJI :tmlysis 
provided the quantitarne discriminator nmong tbt: various 
>~nalc, duul, nnd tnple channch method< lw cnlculatllJ dose 
dJ>tribuuort\ rcl01l~e to !he do;c di,ll'lbutiun e~tkulal<d from 
the lrealmenl plnn. 

IL METHODS 

l11e uvl'l'uD nlt:thod'*'gy is ~unumri.r.cd by lbc block dtJ 
grnm shown m FJg. I The gool wa< to analyu lhc ltl!!Oiut~ 
dose di'1ribunon deposlltd by a 6 MV pbotm beam (field 
.lui> 10 x IOcmatthch«enter) from a Varian l100linc1!r 
aecdcmtur (llnac) dirr<ltd plll'nllel lo nn EBTI film ~nd 
wtchtd bCiwttn slit!• of ••.lhd wurcr1 M. The plwuom wus 

paat10ncd at 100 em """""' 10 •urfttt'< W\laocr tSSD) and 
100 cGy was delivcrrd to dD\J!JI. The tbrne sets of i=gcs 
(CT. EO.IPSE trtntmcnt pl111ncr. rndiochronuc fim) mu>l 
he eompmibly manipulated. The CT Image~~ WIU 1rraltd D' 

1~ "ba;c" tiii3@C bcatu.<c the b'ealrncnl plan u>cd and w11> 
fixed 1D the CT im~c. The Vnrinn ECUPSE plan ml lhc 
measured d= distrilxni:m drriYI:d from the mdiochromic 
him were tmnsi!Ved nnd rotaltd to mntch rtfcrcncc: povtlli or 
flducutl polnL' (Spec-D-\1ur1<) ,.,,hm1hc C"T m•1r.c Thl: >JJI· 
t.bl re...olurion (40 doi!J per 1nch or dpl) W:t'l M:t by lhe 
ECLIPSE trrotment pl:ut 11.00 lhe CT was rtS!Illpled mllhc 
mdiochmmic film was Sl'3Jlncd at t~ snme spulilll te50iurion 

C"mma nnolpt• camporC'o the dn..: wstnbuuon from u 
"undnrtl <uch tl.\ o pl:tnto the d....e dl\lnbullt.ll form lhc tc'l 
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I. INTRODUCTION 

Expcrun~nltll verific:ttion of th~ cx~rmlll ~run thcmpy atlcu
lation. that account for ti<.<ur heterogeneities within the t:rent
me.nr volmne requffi aecurnte and robust deaectors over the 
relcv:ml areas. Radiocbromic film darkens upm cxposun: to 

rt>dialion without funher fi 1m processing.' R lli!Jochromic me
dium with ils high >pnLia.l resolution and int.kpcodcnt 
response to energy ond pnniclc type, and tNoc cquivnlcncc 
cnn be a c.:andidate ali a two dimensional dosimeter for this 
application.1•1 The bigh spulial n:solutim and sensitivny over 

e•~rndcd spatial are:..~ >boold provtdc 110 eJ<pcrimcllllll plat
ftl"Ot for examining dose distribution prnurbalion due to 

""'"" hetcrogcncity. The rodiodlmmic fihns are ti<suc equiv
alent funher prcmonng tlxmsdves. as dosimetry mtl.erials. 
The EBT:? tilm1 with the yellow marl:cr dye w115 developed 
to reduce tllr spcuial hacrugencity! 10 due to manuf11<1uring 
fouod in earlier versions of l':ldiochromic film. 

There are technical is.<ucs and challenges thea mn.<t be 
addressed aod resolved prior to their applicatim for dosi,
mctry over extended spaual arc3S. f~rst, a numl:cr of 
re>c:UdtCil<4 

I I MVC been ron<'a"Dcd llbout the unifonnity Of 
dose responses !'f the rodiochromic film due to variable 
thiekncss/ rompo<ition gcncratm by the manofucturing pro
,.........._.., irrJnclm_g ihr I'V'\\o·p;r film 1\rr.h !1~ F.:RT nnri F.R,., 1n 

uddition. spabolly varying tllurmno.uoo of the exposed EBT2 
film during scanning to digitize the film cmtnbute> to the in
homogeneous dost> calcultuion. 

The recent advent of EBT2 radiochmmic film has 
spawned n number of articles cxarmoing the new film's 

propenb aod procedure' for o.chrving optimal dosimeO'y. 
Digitiwrion of the rudiochromic film through seaming with 
o llatbcd scanner nod exploiting its ability to extruct individ
ual color components for the imagery was examined some 
time ogo t:l..t• aod h"' become a standard prot,.,dore"· '~ 
Common mode rci<x'tinn (t.akiog the rntio of imag"' from 
1 wo diff.,rent color channels) was employed to buck out lhc 
effect of thickne..sf ccmposilim variat ions, in panicolar , 
Ohuchia 1 used lhe red tuJd green channels. T he manufacturer 
rtoeomnlen<b using red and the "'lntlvcly inscOSJth-.: blue 
channels !lDd these rntios """' srudicd by Pawlicki tr u/.4 

and Alomi rr of. s P\lwlicki n oi.J found that to.king the rutio 
of red to blue wa.< essen rial but eonfl icted with Alarni er at.• 
who fouod thm using the red channel •dt£vcd better results 
than using the mlio of red to blue channels. Aodres tr at.• 
found th:tt optinul dosimetl)' choice of red or grt'Cn chonnels 
was dose depcodenL McCaw ~r o/.1 found ..,,., improvo
ment but also some degradation ming red to blue ratio to 
cxt.rn<'t tbe dose from EBT2 lllm. depending on the analysi~ 
mrthod Oevtc t't at.• extended the runge of the dosimetl)' by 
stitching the dose from the red channel for low d05C. g""'n 
for intennediate dose, aod blue for higher dose<. Oevic did 
not usc ratios of chnnnels to extend the dose rn.nge md also 
mmimaze duse beteroge.oeit:y issu~,s.. 

Spatilllly inhom<l!l~ncoos iDultllnarion for scooning the 
upo~d film can nlso signifiCI1,.1y degntde dosimetric nccu
racy, especially near t.he e<lgcs of the scan. This error i< com
po!IDdcd by the level of dose exposure. Kaim ~~ at." 
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correc~d the sparial betuogeneity by using spatially regis
tered, unexposed 6Jm and llScd the red chamel but ooly 
empiO)·cd compwi><>n of do.c pro6le~. ool gaouna an:llysi•. 
Ridtley n oi.'0 focused o n mil~nting JC~~mer light ..:attcr
in.g. Hamnann rr of." used the "'d channel m c'GliTlinc do!<e 
be~Uogeneity among cut up slices of EBT1 film. Devic 
~~ of. 1~ char.tetcm.cd the >canner inbomogcncity and it' 
effect oo da<e dilt.ributioo. fiuodrJ er a/. 17 and Suucr and 
f rcngcn 11 both pro>ided a eorrcctim mntrix for the .cnnncr 
inhomogeneity using the red e-h3nne.l and they also incorpo
rated dose levels into their corrections. 

To simulumcously aod ut.uooomously handle film impcr
fectilllb and \C411n:.r iUummation inhomogeneity, Miele 
~~ o/. 10 <ngge'llcd n moltichamel approach o.od found signifi
c;ant improvem'C'r•!\ relanvc to employing a single red c htll· 
nel approach. The multichannel 3pproach 11\CS all thrcc 
ch:w~ncls !red green. nod blue) w enact • single do5e for 
each pillet Micke <1 of. •• demonstntted signifkt1111 allevia
rion of the sporial inhomogeneity ismes. However. no eqoa
tioos were explicitly stnll.'d for the corrected dose M each 
pi,cl using t.bc muluchamel approach. It W3S not even clear 
whctl11<r 110 ilerutiw scun:h might. hu\-.: been employed to 
sctueh for an optlf!llll <nlt1im. Direct compll.I'Uon wit h 
Micke ~t a/. was therefore difficult and at best surm ised 

ThS. p:tpn'" rxrtminNI :tntt rr-_WvM l':l'tt'h nf 1lvo~,. IN"hnir.nl 

tssues by sy>temaiJCnlly cxplormg a number of dJffcmnt do
sintcll)' procedures for reducing the Lhicl<nessj ccmposition 
vwiotions within the EBT 2 rndiochromic film . Spccifictllly 
this study examined thc relative bencfi ts of using the various 
color c h:mnels (red. green. o.od blue) o r combinauo ns of 
muD> of cbttnncls not previo,..ly studitd. Gamma 3nillysi.o. 
provided the quantitmtive discnminator :mnng the variou> 
single, dunl and tri~e chonncls methods for calculoting dose 
distributions relative to thc. dose distribotion ctllculated from 

the tretttmcnl plan. 

II. METHODS 

The ovorall methodology is summarizrd by the block dia
grum >ho"'n in Ftg. I. The goal w115 to anolyu the absolute 
dose dbtribution deposited by a 6 MV pbotm beam (f~eld 
<iu is 10 ~ 10 em ut the isocentcr) from a Vanan 2100 lincar 
accdcnnor (linac) directed parllllel to an EBTI film sand
wiched between slabs of solid w atu TM. The phantom wa.• 
pasniontld nl I 00 em .oun:e Lo surfna: distance ( SSD) and 
200 cGy w._. delivered to dm[lJ.. The three scu of imtJiles 
(CT, EOJPSE trw!mCnt pl311n<Y, mdiochromic fi 1m l must 
be compatibly martipolat<d. The CT image set Wll5 tre:ucd as 
the "ba.<c" im:tge bcc:!use the treatment pl:tn used und wa.< 
fixod to the CT im'!!e. The Vorinn ECUPSE plan ruJd the 
measu~ dooc cistribotion derived from the rndiochrumic 
film were t:rnnslillod ond mntlrd to m Mt:h reference poinl'l or 
fiducial potnts (Spee-D-Mark) within the CT image. T hc spa
tial resolution ( 40 dots per irrh o r dpi) w:r. sct by t.bc 

EO.IPSE trourncnt plan aod the CT WM re.<iliDpled tlllll t.be 
rndiochromic film was scanned at the same spatial resolution. 

Gamma analysis compare> the dose distribution from a 
staodrud such as a plan to the dose di>'ttibutioo form the tesl 
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di.wibution. G:imma Maly>l!> (Sec. n H) requ .. e.• input from 
regi>t~ITd do<iC distribution from the ECLIPSE trcttmau 
pi1!I111ing s~1em an d the dose e:c trncu.d from 1hr: r:ufiocbr~ 
mic film<. In addition, this s tudy, lDllilro many. applies the 
gamma analysis to sdected regions such ns regions of low 
sc:me"'d dose, plntr-.u of high date, and beam edgl's. Such 
an opproach rtquir"" input of upproprirue alTos such us 
regiom of inrrc<t (shown in Fig. 1). In addilion. the soft
ware development permiu: input of regioffi of illlerest form 
lissues in the CT. also shown an Fig. I. 

AU custvm software dc•eloptnenl regarding rcgi5tmLJon 
and algorilluns for convening cxpo.sfiJ image.• to d<R disu-i
butions wn.' developed using the lnrunctivc Development 
L:mgmge ( IDL). 

II.A. CT rolaUon 

Thr analy<is from c.•~ing film and/ or rndiachrC1fllic film 
is often problematic due to Jl""'iible pre~ of smnll air 
gaps bc.twccn the 6 hn and Lhe solid jDanlDm. The phantom 
wu.s ~ao..rr.d in the. CT rn Lhr tr.mS\~rse t.rir.nmtion 
rfig. :!(~)) SO lhtU the weight Of Lhc pbuntom was pressed 

a b. 

Medlc:ol Physlca, Vol. 39, No. 4, Apr112012 

onto Lhe mdlochr<lllic fihn. In Lhi~ configuration, odditioml 
weight was added ir needed to further reduce :tir g:Jps. The 
tn!llbnent table supponed nnd remained in conruc-1 wirh the 
flat pan of Lhc pban:om, a cmfigumtion that is not available 
for humans. The emire jDantom was sc=ncd .,;th spaual n>· 

.oluoon of 27. 1 dpi, not j11<1 the expocted lll!attJW:,. """' 
bc:caUS<' all CT slices (2 mm •P•cing) we"' usod to n:con
strua the imtlll• of the phanwm in an onhogonal dim:tion. 
Nearest n<igbbor areragi11g wn.• used to fiD in the regions 
bctwreo Lhc slices.. The rCICODStructrd and TU"'ted Cf (coronal 
onmlatlro. sec Fig. 2(b)J was rc=ple<L agrun usmg nearest 
ncoghbcr ·~raging '10 that the cr bad • 5pUJ.i:~ n:solulioo o{ 

~0 dots per inch, muching the ECUPSE tre:nment plnn do"' 
distribntion and the seamed rodiochrcmic fi hn im•!l"· cr 
likin rD:lJ'kCIS pll:ICC'Cl at known di!.tances we"' u"'d to lest the 
fidelity of Lhc """""piing and rotntion proc.,._., :tnd found to 
be acclD':JLe 10 willlin less than d pixel (< 0.61 mm). The 
mlllled CT Willi e>rp:mdcd (to 1000 x 1000 pixds) to Clocom
modate the ECLIPSE plnn which had a ITCDDllcnt isocenrr 
placed in the center of the irt13ge. Marked lapcs deooling the 
CT m ttrl<cr poshions w""' also placed on Lhc phantom and 
wc:re usrd 10 ttlign the pbun10m during rtldintion txpoo;urc. 

Fn 'l (O) Scl«kd lhrtt llilt«.~ {OUI of l4Sl o f tohd 
phm tom. In tnms\-en;e oricnw:ioa.. CT Ui:n m.ttb:ni 
sbo¥on ln hll:t aiJt c. Anow dcf1101e~ phur JOhown an 
Fi$- !lb~ (bJ RoutoJ imcc (com raJ)~ ..,lid phamQm, 
OniJ m~gLc: .slice or p\:i.ru: ab~ pl:!lcanenl .. r.a,dioo. 
c.bmn»c flint rc. thiJ Gudy 1J ttwr.n. 
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ILB. Scanning 

The <'<JKI'c:d radtochromic film "'"" scunnc:d. 'iimilar ., 
earber ~a~doe>, 1: •• "llh " C=oScan l.JDE 700F flathed 
sun""'r 11 n:Jlccuon modo: us11g ~ ba dtgotll n::soltwon ., 
d•IP""' the illro: color clwlncll (Red. Green. .00 Blue! at a 
<pot Ill ~luuon of .j(J dpoto ron form to the ECUPSE ITC3t• 
mera pboiiJnl! sy'llml All correction oprioos .,,,.., nrnc:d 
ofT. 11le onetUUon of the 61m ,..,._., nmc:d1 ,..,th a smol cUI 

111 the upper rtl!ht band ccnrr. AI radlochrmuc 61m ,.,,re 
pD>dlonc:d tdenb~~>lly un the lbthcd >Clli'IICr, after noting the 
oncncum of the film The lnt number for the np<ll!Cd 
EBTI w., A I IOSJ()()'>.A. Rad1ocbronuc fibn was scanned 

appro:om:uely 2-1 b mer expasorc. The E BTI film = 
parttculwiy tll'CO\IUVC to vt>1ble bgbt: but care " ttk:en to 

mutimi1A' <'I'Q•ure Ill vts1blc lighL The mcioclromic film 
arny-lcvcl• wen converted to do'<' u<ing rolitntion films . 
Smnller fi 1m (rou~hly I 0 x 12.5 em) were exposed to 0, 25. 
SO. 100, I SO. 200, 250. :rnd 300 eGy plncc:d pcrpcndicu lar to 

the hcam tl U ~ I() em llcld) sanm.lchcd hetwc•n ..,lid 

water,." ''"""· In this conligurutioo. the monitor units 
<-qoolcd the do..c 111 cGy nnd simplified the colihr111ion prCX'C· 
dure foUoWlng pnxedurcs outlined ., the rcfKJC1 of Task 
Group 21 . The 10 · IOcm field exposed the solid wntcrn• 
phwllom po~tUoned Ul 100 em Mlllla: tO axU ~ :rnd 
the film plu•cd 01 dm"" l iS em), pt:C!"-"Tldicu.h1r to tbc 6 MV 

ph111on lx-~m from the Vurim 2100 Jl\liChm. 
The calobrnucn hlrm "ere sc...,nc:d. A n averng" I!!"Y· 

le' el was com putc:d fur each red. gran. and blue (R,G.BI 
cham< I u\lng the ecru..! rcgoon I'!~ '! em or roughly 1000 
pou:l•l confomung ID the mO'I untform dose. A look up ta 
ble (l.UT) com~'<'d of the avemgc py-lewl (or curio of 
gr.sy-levels) for each color chormd ....... COITIOWcd we dose 

The It~ connccuog tbc sohd >yrnbc:ob 111 Fig. 3 gupb1call} 

\ho"'' the do'<' '"'""' a' cr:aae dctcctrd tmell>lry in the LUT 
for the red. potm. ;and blue channel• Howrver. e:dl pixel 
"''thon ohe Dtmy may not conform., the a•·emgo pixel me., 
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h a, l C.b!ntar.an b CGDVCJ1i.nl &t.l.)-k~d. 10 dose h:rrcd tsqu:g:). g.ru 
tchrkL and hhc ttrlaQikJ dumc:l ~llmi7cd 1JtillKhm~EI CDrfttiJOn 
ChtfftiUUUy 4ow• t.hr fhllk:d alr.lpol.abl cbcs D._Dti- Da rclltn·c fO 

optJmucd u bolwd,. tc...al dai'"'"'' "'''"II bq n tl. - 111 multJclwoocl 
•F'Pm«'hl 
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dlfkrmccs tn sc:mi1CI" •Dumonauon. So the do>e extr.tpobtcd 
for the R,G.B <hmntl (D,..D('~ Dal. rcspc.tJ\'C:Iy.mayd4fcr 
from tOaCb other dur 10 \Jr)1ng re'JIOIW for a fi\'C:D JIC'RUt· 
b:uion. 11le multtcbnnd UJIJirm<:h •utmomoudy proJ<Clc:d 
• correction to an •~JlCClc:d common do,.. D lmrd on the 
tnd:md113l <lopc• and re<p<tmc cl e:.:h ch3DIIcl 

The tt>t prohlc dulnbuuon "'-:1.\ convened to dose 
through 1111rrpola1mg the L liT .. , Glob;tl) the do>e Jill) 
IC\oel function• = nmhllrllr Over 'mall ITCtchc<o c1 dose 
and ray-levels. the Cllobr.suon "''".'&.' csscno:tlly hrrar. In 
uddimn, =ng rot.•ncl) low do:.o (<300 cGyl lumts the 

degree a( nonhnoanty of the LlTT for EBTI. Hogbcr dOle. 
beyond tho>e U'lal tn tho\ \tudy .,,IJ rcquorc • more refinc:d 
c:tlibnmon able to cn<ure tinurio) <:Net the !i111111l do-e :md 
groy level oracrval< ISld po•<tblc higher o rder corra:tions 
bc)1lnd tho fi" ' Taylor series npproxorrw.ion [Eq. t2)1 for the 
mulncbum<l algorithm. 

This srud) tc<tcd vunou• M'hcmc' fur convcrung gray· 
lt\'1:1< to reduce the err~ of the hctcrogcncil)' The-e prcx
• • ....,. are •ppl•cd to ohe calibration imugcry (for a new LUT) 

:111d the le>L dose Jt<tribuuon. The mnnufacrurcr: n:com
mcnds for tndtVidual pilei• lo<:tttcd nt coordinate IJ (In the 

horirontal. \'C:rtkal dn~:ctoln, r•'ll«: tivdyl, tolong the r .. io 
or the rc:d chamol R!t/) 111 the blue chumcl B(ij) from'"""" 
ning tho film wilb 3 lbtbcxl scamer. u .. ng the Bccr-Lamb:rt 
Law, the gnJ)'·lcvcl• arc nomt3h7A'd by the unauenuatcd. 
cnlhlllllt hghL , .... ...,. 10 frun the fl:tobcd ..:amcr und the r.wo 
or the logtuitllltt\ ·~ compuord or 

log(~) 
tog(B ;·/)) 

II) 

A <imilar ratio Grctn to Bhr noun ,. ..... , compUled uu'll the 
gtft'O chmnel 

T:d:mg lhe r3b0 or the channel th:u I.S ma.t SmstUVC to 
comJIO"'IIon oxposwe to ono: llllt u reloo•ely 1n.lepcndcnt 
of cxpo~un: but cxJtt~rr><cd the ........, deJIC'ndcncc on thod.

ness/cn~~tion tn help "'J!Jife'• tba;Lnc"' 'composnoon 
vanoaons- ~ the film In prac1a, the blue cham<! 

""!"'""• v.e:!ldy dcpcnd• on rudoaoon <Jtposun:. Tills .wdy 
gcnerttd do>e dt•tnbutiOIL' u."~ the red <lwlncl R!tJ) 
:tlono. green cbannd GuJl alone. milO\ or the rc:d to blue 
ch:Jnnel :rnd r=n tn blue channel .tnd hyhnd Vct'lton that 
combined the greco to blue nann for hi~her dose< (above 
80cG) or 0.20 opac:al densny and ""'" ltkcl) scanna spc· 
ctlic) ID the red to blue ruuo for loW<r tloscr.. 

II.C. New rnultlc:h.,nitl approachea 

Another uppru•ch cmpln)'Cd nil t Inc color ch.mncls to 
UUIOIIlJnluu.~ly cum:d fur •>eul inhOmtliJCIICOU< •patllll distri 
bution in 6fm thidnc" lind !iCUIIICr. Tim VO."IOil of the 
maltichamcl approach tndtJIC'ndendy van c:d lhc dose D and 
dl>lurbancc J1 tor chamcl-ondCJIC'ndent JIC'Rurbaaon. see 
Eq"- 11) ond (7) to -"'•n:h fur tliC oparn:tl dose a t each pt<el 
This srud) pro~ and found on cquouon fr< the corrected 
dooc. Therefore. tht opumoud do-. wtL< <pudJy compUlc:d 
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at each pixel. The gonl ,."ll.'l to fand" common 3lld "'pectr:d 
dox D derived from cxn<:lcd rod, green, and blue chanocl 
doses. The algorithm applied a fi11<1 ader Taylo r expan•ion 
to the das<: due 10 a smaD penurbabon ( same for all chan
nels) tmd minmliz.cd the cost funct ion differrocc ¢J(r,J) 

[Eq. (211 between the projc:cted 

' 
tli(6 (1J),D(I,J)) ~ 2: (D,(r.J) +oi(i,J)6(i.j) 

t:l 

-D(i,J))'. ( 1) 

dose Dt{ijl+ a,fi,J) /jj,ij) for each col(lr channel k (red. 
lll"""· bhr) relative to the projearo dose D. D.(i,j) wa• the 
dose dtn:ctly derived from the LUT for each color (i.e., 
R(tJ) . G(iJ), 3lld B(IJ) far the ,.,d, g=n. and blue chaooels, 
rcspecrivcly], a.!,i,J) wa.• the derivarh'l: 

Ot(t,J) = ~: (t. j ) (3) 

of the LUT for the kth channel (see Fig. 3), lllld 6CiJ) t. the 
loenl perturbation (illumination, thiclmessl Lhat affected oil 
channels, and r. was the intrnsity far a given channel. i.e .. 
[R(t;).G(r,i~ B(i,i)J. lntcrpol:uioo w-JS required 10 wxuraldy 
determine the slopes or alf,IJ). Dl.iJ) wtu the corrected dose 
generated from solving the simuhnneo"" paninl differential 
equ:u:iom 

/MJ 
i}t. \I.J)( t..D ) = 0. 

: (i,J)( A.,D)- 0. 

lllld resullexl in the opl.llll17Ld dose D at prxd location r; 

! 
L D,(i,j)a((i.J) 

D_(r.j)- (wt(i,J)) :::-'=:.:..' """J __ _ 

f. al (i,J) 
D(i ,j) 

I - " 't(l,j) 

{51 

(6) 

The appropriate rofn'<:tion o r •diswrhunce map~ at each 
point was 

l 
L (D(i,j) - Di(rJ))at(t, j ) 

t.(i,j) = ~'-:.:.'--,..l-----
Eoi(r.J) .... 

where the average do<e D.,. ( i J) was 

D.,.(iJJ = ~tD,(r.JJ 
1=1 

I = J {DH(r,;) + Dt;(t,J) + Da(t .J)). 

And tbe Relative Slope for tl'e channels RS(i,il 

I (t, aL{LJ) r 
RS(r,j) .,.

3
-=7, - ----''-

1:0~(r.j) .... 
Mcdlcel Physics. VcA. 311, No.4. Aprll2012 

(7) 

(S) 

191 

and RS(rJ) ranged from 0 < RS < I. If RS(I J) Will> suffi. 
dcntly .)lll(l):l, dlcn n vnluablc Dpproximation (or lbc cor· 

reeled dose D(iJl w•• 
(10) 

EBT2 film wu~ saodwehed l>ctwecn slnbs of ~olid wruern.• 
and exposed to 6 MY ph01on beam. Figure -1(a) •hows the 
rola!cd (by 9(f ) uocom:cted distrihltion from tlr single n:d 
cbaonrl Figure ~(hl .\how• tbe opti11112A:d multicbanncl cor· 
reeted da!oe distribution DCrJ) [Eq. 16)]. Figun: 4(c) soow!o 
the ci-<turb311Cc diSiribution 6(ij) [Eq 17)) rotated hy ~r 
Note 1 l'e s tripe$ from thickness vurintions in the fi bn in Fig. 
~a) and are also seen 111 Fig. ~(c). Figure .!(d) shows tbe re· 
Slduw error m dt>Se (Eq. (1)). 

II.D. Previous mufti channel efforts 

MX:ke <1 a/.10 ll:Clcntly sugges!cd, tested. t10d broadly out• 
lined n multichannel approach for correctin!! the inhomoge
neities in the dosimetry process. The Micke 1!1 aJ. coSI 

function differed from the multichannel process described in 
Eq. 12). Followi'lg the npproocb of Micke tl <II., tlr cost 
function was 

1 

Q (i.j) = L:(D4(r.J) +a4(i,J )A{i.J) - (D- (r.j) 
•t-
+a.(/,J)l.(r. ; )J( ( I l l 

Our to the different cost fuoctiarL Micke cr aL ~nemtrd 
and opptied u differem di>'tll'huncc foctor than JJSed in 
Eq. ( I I ). M'ackt N a/ olso npplied his analysis to the fitted 
optical density calibr:arion. not to the raw gmy level ca6· 
br•IJon dcscribec.l in thr.s •tudy. Fa the Micke •r at. 
3pprooch. only •iogle dcrivntivc with I'I:Spe<1 to 6 might 
hove been applied ID Eq. ( I I ) ( but not two dcrivati"'"' u in 
Eqs. ( 4) and (5) 

~(r,j) = 0. I I ~) 
The. resulting shift A(i,J) might have been 

3 
L, (D,(IJ) -Dm(l,j))(a,(ij) -am(l.j) 

6 (i,i) 
..... 

113) 

In this formulation, tach channel might have l>ccn treated 
equally and corrcc1ed using the procedure outlined above. 
ir 

I > 
D(r,J)-3 L (Dt(l, } ) + a• (rJ)6 (r,j )). 

151 

( 14> 

The dtR D might b: genemted by inscning the compllled 
shift l!r. £F..q. ( 13)1 into the corrected average multichannel 
das<: [Eq. (I~ I ~ Tins approach generated ao identical dose 
dJstribubon a< that dcmed from Eq. (61, oltbougb go:ncratcd 
to u very diffcrcm manner . 
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II. E. Sli'Timary ol dose determination algorithms 

The list of conversion of grny·lrveJ processing aJgorit.lns 
i.• summanzcd 10 Table I. The tublc dhpl3ys. DlllJle.\. a lobon 
dc.5eripdon. and its :t.\50Cintcd cqu;;atioo~ 

II.F. Registration 

Compnnog apcrimentnlly dclcrmincd do.c d islribuuons 
wilh tbe co~ponding cnlculaled trtttmc:nt pbn required 

pn:ci<e regisll'otion lx:twcen the t'"' '''"" of imagfi. The 
solid water'"" was pla""d on the cr imaging and treatmenr 
table in a conligur.Ulon convenient for plxing cr marketS. 
Th= mart .. ,., w.-n: IISI:d for r..gi5tcring the cr Ill bolh lhe 
tn:atmcnl plan and tho dcE<:ted radiotion dose db-tribULion 
fmm the mdiochrcmic film. The cr im:tgrs were digimlly 
rotared for con\"enicm volmnetric ccnrou.ring fCI'" dose area 
hisiDgmms and gamma annlysis. The rourted cr tmage was 

rcsrunpled Itt match tbe >palial resolution of the scUJ\llCd 
dosimclric distribULion and tn:atmc:nt pbn. The trcumcm 
plan WliS CalcuJuted Using ihe Cf image in the CUstomary 

N:une -·a..... ..... 

~IG. 4 !a) Rwuo:S (by 90 J drur dutrlbuuon w.in; red 
cltomd Cbl C<lnoct<d dooe dbutb .. m.O(IJII&j. cool 
uUIIJ thr op·1imiud •rPmac:h. (c) Sbll'tl'• lbl: tfiSIUr~ 
lUX'< di<arlblajoo 11\IJ) [Fq. 171J ...,..,,d by 00•. N"" 
lhe Jl~ due to lhiC'knca nrilDfiM- (d) Reaid1111 
encr in dosr I Eq. 121 ~ 

fru.hioo. Tho ""aancnt plan planes """" Lmosllllrd lbrougb 
lriMgullllion uf tlx: li'CilrncOL isoccntcr lO lite Cf marlccrs in 
the CT image. The rodiochromic film imal\"ry wns rotated 
and translated tO the Cf images using IWO coincidcl11 poinrs 
from the cr skin markers in the cr image and "tattoos~ 

ntarkt.-d on th.- radiocbrolltlc fun. 
ThiS study used o "rwo-poen" approach to translate and 

rotate the r.Jdic:t<:hromic film tO tho desired TI!Slllllpled Cf 
slier. The common "pivot" poinr for the cr and rndiochr()o 

nuc tilm wa.• used to translute th.- radiocbro!Dlc film and the 
radiocbromic film itn"h"' WM tilCJt rotated abotll the ptvot 
poinL The ~vcrage error WI traosfonning tho fiducial points 
{excluding the pivot) Wll$ 1.39 pixels o r O.Sll3 mm. On nver
ngt>.. a similar error was expected for tTa.mforming all points 
within themdiocllram: ftlm anagr. 

U.G. Trealmenl plan procedures 

This study u.<ed Varinn'> ECUPSE tn:atntcnt plttnning 
syStem to compu11: thc expected dose distribution. The pl11n 
compwcd the dose distribution irwended to deliver 200 cGy 

RljJ) 

(l,ljJ 

Red ch:tnnel 
G~eeo c.lwlnel 
Red ..., blue r-.o R.:gl.<luolrcd 0> blat rllllo [Eq.t Ill los(!:!~!.) RIDi i ., = •• 

i«pMrcd ponJO blue r•J]o (Eq, fllj 

Apply Sft'eD to blue milo fc. ba£..berdo.se .md red 10 bhr rnuo tar lower do5c 

AV<nOFO\'<J'IIlldwoncbll'q !8~ 

Optima< c......-tim asmJ all dunnds [Fq. t6lJ 

Medical PhysJca, Vel. 39, No. 4, Ap rll1012 

' ""' ,j (~) log •• 

O(B 
. . , los(¥) "" - -(-) log~ 

Hybnd(l,Jl = K/ BCql-G B(•,Jl 
Mo(t,jla Cl/ll!D ... +Do.- + 0....1 

Opul,fl• (A><(o.j1- R$U,)I ~=-•fi,Jit\ (J.fl/ 

L: .. ci.Jl/1 ' - RSCt.Jl) 
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a. b. c. 
f'oo. 5 tal S'-• lh< Cfaod tbt .-.. orclo"' c><:ecdiJ!!IbetOO<Oytul1lnli), do.. botwalo ~IOO«l)i l<d&<l. d""" bo:c...,..,5...t U((jyl(a<..-l~b) 
ihn•"lhctr.,.."""Illcd,ro&lllcd dasedi:n riburinnikri'\'Cd lhn 'he 'l'ldiodlmmic film, ~) .a.OWid'lcEWPSE~)Im!lll pl.!m. 

<o dmax and lhc pbanlnm " 'as positimed at I 00 an S SD. 
The ll'e:l1lllr:Ol plan was gr.rrralt'd from the cr """" d lhr 
ph:mtom. Thr <Xlerml ~am depth profiles from Vurian 
2100 ~ MV phnton bc4m lhnt chornt:tcriz.e thr dose deposi
tion in wmer were stored nnd =d to compute the dose depo
se non, The e.'tuml bc4m w:u checked on a daily, weekly, 
yearly umctable to ensure agreement with lhc cnrreot cond>
tion of lhr b<um and lhe stored data. The ECUPSE plan geo· 
ertu£d D ICOM imnge files for lhe predie11:d dose a.long 
de.5:ited p1111lCS. The J;"ptliaJ rttsolu-tiQn ror the im:age dose WU' 
c ba<IOO IO ~ .t{) dpi, cmfnnniJg ID thr resampled Cf image 

nnd scan of lhe ••posed radiochrumic- film. The JSOCCnt<:r for 
the plan wn... pbccd at the im:~gt center. by dcl'auiL Tbc •P•· 
tin! t:rnnsfomuuion of lhe O'cnm~tnt plan simply meant O'uns
laring lh< isoccnrer. or ima~ cenrer to lh< isa«nt<r d lhe 
cr scan that wa< marked by a cr markrr. No rototion w:t.• 
opplied to the trC3lmt'lll plnn image. 

AU n:gis~r.red imoges ore .bowo in Fig. S. Figun: S(a) 

m""'' the roClled and rcsumpll.'d cr and the Wl!ll of dose 
cxOL'Cding the 100 cGy within the tn:uO'O<RI plan in 1hr cemrlll 
an:a. th< bc4m edge: with doStS ranging from 25 10 100 cC'.y 
and scaU£r<d d..., m the e.'tenor (5-15 cGy~ Tb< high dose 

g.rudicru ~re extremely senstbve Lo misrcgJSLruuuo between 
the plun and Lh< expcrime11>. Figl6e5(bl lihow$lhr tni!Waied.. 
rot<Ut:d d<YiC dimibution d<rivtd fmm the rndiochmmic film. 
Figure5(c) shows thr trnnslalt'd ECUPSE t:re:!tm<nt plan, 

a. b. 

Modica/ Physics, Va. 39, No.4, Aprll2012 

II.H. Quantitative assessment of agreement 
between plan and experiment (gamma analysis) 

The various met.l:md.s for sccrnmng the ex posed mdiochro
mic film. gruy-level coovcnioo 10 00..,, :wd dosimetry pr<>
t'.t'.dures. wen: ll:Sied by comparing them to Lh< tn:ntment 
pbn through gomma nnai)'SiS "' 22 Gamma aM lysis <xam
ined the devi:Jtion of rh< treatment plan (considered to~ the 
reference image:) "~Lh lh< e•perlmc.olally detennined dose 
w.tribulioo ntlhc pU.IIevr.l The gamma analysis procedure 
gctW:111lCd U difTtrCrKC inw!C (ur lhC n:gbtcRXJ .JCl or images 
and compullld a "docision" slllface with the gcom<try of a 
tiY<e dimerntoml ellipsoid Calculallld points th:u resided 
\\ilbm the ellipsoid constitulc good agreement bel ween the 
Ln:ntm<:ot plan do.st disttibutiro and the e.xpcrimcolally 
deri•-.:d dose. Corwcrsely. points thnt appeared outside the 
<lfipsoid nrc identili<d :L< arens of poor agreement orr<ferred 
to as "exccedaoce.<" in this paper. 

F'cgun: 6(a) >bows lh< gununa umdysisdispi:Jy ll'illlg the Red 

ooly (J'ootMing. Tb< while pbd\ show g;unmu v WU<> that 
<xco:d I and show regions d mail ..:rious d;.agrc<meltl 
between the plan and the c:xperimentaDy derived dose: distri
buticn FiguR 6( b) shows exceedaoces II<ing the optill'li1!!<1 
mulbchanncl lllgPritbm. Addmg mon: dmmds such as lbc opt .. 

mi:a:d muhicbnmrl •lgorilhms for cxLmctmg tlosimeO')' di:<IJ'i.. 
butiano n:dueed gamma ex<:c,edaocc~ fmm 8005 to 3 110 (olll d 
7~ 312 pi:u:ls within the region of inll!n:st) (""'Table IT), 

Fr ... 6 lal Shows the cu«:dnnccs 4dq:~ioed il6 wtntc• 
Mr ttr pm!M di.Jitibudon fmm Red only t-o..~ 
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Nome TaW -Hil\ll'.daoe Sco!ter B<am<dJle 
25-IWcGyt'i) 
(1"'7~-bl 

!1-~cGyt•) IOCl-JWcGyl .. ) !1-l!lcGy I'I>J 
f14ll~f'l•d J t).I!J19 pol«!.! ilA JCn pi><lol 

M.<d 11.6 

Qoxn 10.9 

Rtd TO blue 6..3 
Ciren &o blue 4.ll 
H)1>ridRJuloo ... , 
Opimir~muh• oil 
A~edmc 4.1 

IlL RESULTS 

The <Clll1ning. datn processing. llJld phantom handling 
schemes wcrr cv:~luau:d b y computing the number or pixels 
within the treatment area having gamm3 wlues exceed I 
(sec Table ll). Tbc lal!ler tbc number of tbe.c pixds, the 
poor<r Jlr agr~Jlll'lll bt~ween the CX!X'rimtntally deter
mined dose and tbc treatmelll plan. For this Malysis, !he 
cllip>Oid axes ~re presmllcd 10 the slnndord 3% of the 
maximum dose o r 6 cGy (D.-m.l and 3 mm in horizontal, 
vertical dJrection.< C-<s-~J_.,.). Jf this minimum gammo 
uccedcd I. then the CX!X'riment wa.< ruled 10 disagree wtlh 
Lbe '""''men! ,. ••. Tnble n li.<L< the "'-<Uhs of opplytnf the 
sJond:ITd red channel. !fR'<n chonnl'l, 1hc manofactun::r's rec
omml'Jidation for taking tbc rntio of red 10 blue channels 
[Eq. I I ) ~ muo of green to bluechanneJs (Eq. t l )1. tbe hybrid 
of !lfe<n 10 blue rutio witb Jbe red 10 blue. opumizt.-d mulli
channcl [F.q. (6J) and "'"'"!'I'd multicbannel nlgorilhrns 
[Eq. 18)) . The analysis examined tbe entire area. high dose 
regiom, scatten::d dose, and the beam edge. Tbc best agree
men! occurn::d m tbc rc:latively bomogeoous dose regoons 

(btgb dose. Satlttn::d dClllc) and "~ weak m the high dose 
!,'T.Idienl ond when:: a high de!!fee of registr:uim wus 
requin::d for accm-ute dose mc"'5Un:me ... 

Although only :m apprmimaticn, tbc overage dose algo
rithm app<:md to gemr!le ~w aceedances (Tmlc D) relative 

to other nlgoritllms. The comp .. ed weigh! (Eq. (91. Table Dll 
was low for all doses in thO. swdy. Tbc >rnaU vttlucs for tbc 

wdtrhl factor \\1 (Table fl1} implird thai the "'"rllll" dose 
deriwd liom 1bc three color ch:mnek proVIded a volid appmx· 
imatioo for Jbc moreexac1anal]SL< rEq. \6)1. The blue channel 
cnlibrution curve wns almost orthogonal to Jlr red t111d green 
cbunnds formosa dose levdsused in 1hiss1udyls.r Fig. 3 1. 

T..._.nt Rclllll'< Sl<>p< IRS) (l?q.~IJI l«lhc do..,...,.,_ln lhcoptlmacd 
mahiclwmel ui&Of"lbm. 

O.D-25.1l 

25.ti-5U.O 
50.!1-100.0 

IW.ll-130.0 
I.IIJ.Cl-200.0 
lOOJJ ... :ucJ.O 
lSO.G-300.0 

Me<llcel Phytlct, Vol. )9, Ho. 4, Apr112012 

ow• 
0.0153 

0 .0012 

U.trns 
0009.\9 
O.lli!Jl 
0.:!06 

1-17 

11.7 

6D 
a 
2.11 
2JJ 
ib 

D 
7.7 

53 
B 
5.3 
5 I 
5' 

Some @<neml obocrvntions can he infun::d from 1hc 
gamma annlysis. Pnx:essing with lbc green channel usuillly 
performed as wcU or heun than tbc n::d cbanocl. Using the 
blue cbunnd n::qlllled image """ra!.oing to suffideotly n:duce 
tbc ~tmpoml noise. 

IV. SUMMARY / CONCLUSIONS 

Tlus swdy gcncrolod pmccdun:s and nlga'iillnl> foc acw
mtdy de~e~mining doses and t'ompllred lbc treatment plan
ning d011e di<~ribution$ eakulated r rom 1he plamiog sysu:m 
and 11lCJISiln::d from the EBT2 radiochrcrnic film. Sp:cifi
c.ally, thi< SJudy d""eloped algorithms that handled issoe.< of 
tbid.ne..sf composition heterogencily WJtbin tbe rndioebn~ 
mic fi 1m d111: to tht mnoufacturing prucc.s o n do.'IC: di.wibu
tion 110d wso rcduced Jlr dfeas or inhomogeneous 
illumination dunng tbc scanning of the EBTI film . This 
methodology avoided U.)-ing cumbersome .. registe~ cu-rec .. 
LJOn matrice.". 

ThO. >tudy cooceh'ed llJld 1e111.1d tbc new hybrid combirm
tion of gn:cn to blue rutio 10 the red to blue rnrios. Also. this 
study proposed and ICSied u muhichonncl dose determinatio n 
algorithm. Averaging tbc tr.sl image mirig:ued 1cmporal 
noise 10 the blue cbanncl llJld the redut:ed noi>c is esscnunl 
for impkmenling blue cblll10cls 10 rutin :~nd multithaoncl 
ulgorithm.._ This study nplicitly described Jlr nJgoritbo1 110d 
found • closed fonn [Eq;. (5) nnd (RI ]. Micke ., n/.19 did ool 
explici:ly state tbe rorrccred dose IIDd disturbance and so i t 
was diffituli to directly l'Dmp= this effort wttb the results 
fi'orn Micke rt o/.1• Micke N a/. used u dolkre,. disrurbancr 

map llOd abo cmpo)~ • fined o ptical densily. not tbc row 
gmy-levcls to e:<tmct do'iCs from each channel. This 'i1udy 
also compared Lbc mulrichaond algorithms to those using 
l wo cbanne.ls or cbamel ranos, ml J USI to • single cbunoe1 
The hybrid combonauon or the channel ratios !X"fomted Ill u 
simillllly higlt no:uracy level. The multichannel nveruge 
[Eq. (I!)] o f tbc n::corded doses tob:n ITem each channei!X'r· 
formed well for this fl :nbcd scanner operating in reflection 
mode. Ho-wev~r. the high per10rmancc. using tbe multichm· 
neluvcro!."' may be due to Lbr low Rei wive Slope anti can be 
ouributed to the bue cbannd cnlibr:ulon corw heiog almost 
mtbogcnalto tbe nd and gn::cn channels for mo<>1 dose levels 
used in this study. 

This •"ludy employod gamma aonlysis to compan:: proc. 
e.'WJ!g .cbrmes for ntt:asuring lbc absolutr da.e distributions 
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from EBT2 radiochromic film. This s tudy e xamined dos"--' 
deposited p arallel to the exte rnal beam, not pe rpe ndicular to 

i t as in most other efforts . ln this study. the gree.n c hannel 
generally pe tformed as well or be.tter than the red c hannel 
for this fla tbed scanner. Pixel level corrections using 
c.hannel ratios and multic.hannel approaches resulted in sub
st antial improvemenL This pixel level correction was cffi .. 
cient and the c alculations we.re q uick (less than 5 s) The 
>-peed of the calculation for ea ch pixel wa.< attributed to 
using the closed form [Eq. (6)] rather than ite ratively search

ing for an optimal solution. The m ultichannel approach 
required three c hannels buL also used Lhe derivative of the 

look up table as input. 
There were several additional feature.'\ di'iCll'i..'ied in this 

s tudy. To reduce Lhe air gap hetween the film and solid 
water™. the phantom was scanned in a geometry that pe.r· 
mirted c ompre.<., ion withom applying a bulky vice. T he C'T 
imagery was re:;;unpled and rotated for generating the 
des:ired region.'i of interest for gamma analysis. Due to the 
absen ce of bulky devices, the e ntire radiochmmic film was 
simply inser ted bet\'run slabs of phantom with out requiring 
c utting Lhe film to confonn to Lhe s hape of anthropomorphic 
phantom'i. ln addition. the l\'r'O•poinL regi~Lration permitted 
registration among the C'T imagery, treatment plan, and fi lm 
dosimeiTy without assuming Lhal the phantom and film were 
aligned d uring CT scanning . 

••AIJI.hor to Y.'hom correspondence should be addn:$SCCI. Electronic. nnil: 
maye~ya.hoo.com 
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Bo~o~d and plMJl.OW; V•n.ous radioc.her•P')' planrung I'T'M!thodJ fi) ( loc.tUy adVanaed squamoll<~ ~II a r
ouoma d tbt- he.ad 4!0d Dt(':k (SCCHN)~w- beetl pro)X);S«itodeO't'.lSt' oonn.al tl.ssur: toxlc:li:Y. Wt. COin
JWI't" IMRT, .MI.o~pove IMIU. promn ther•py (IMf'T}. M1d .tod•pbY&! IMfl'T for SCCHN .. 
Motoiulr atd mrthodl.= lruti•l o1nd r"""simular[on lT ll'floJ;l:t!S from 10 COI'l.KIC'ut.ive plti~nts wilb SCCHt-4 
were: ust-d to qu.anLify do.fbnrtrlc dJff~enoes b!twa'fl ~ttlll .md pro10n th~.apy. CboiUunng w.tS per
forme<~ on boU1 Clli. ~nd p!•ns (n- 40 plans) .and dlae•WIUITI< IJi<IUP"""" W<te grnet>ll"l. 
~trs: Tht- mr..ln CTV W'llumr d~d 53.4'' wi!h l'r-$imuJataon. AU pWts prtNid«l ctJmpalilble P'N 
m"""Jil'. Campilrt<l ""'h lMKT • .od.opll..- IMKT •lgnlfr.uuly r«<=d tht' m.xlmum do,. to 1M ,..ndJble 
(p- 0.020) md me•n do""' to Ill< Wlllr•wrt.ol I>'RIItd g llll>d (p• !l019) ••ld l•rynx (p - O.D49). Com
partd with lMRT • nd .ulaptivr IMRT, IJ.WTsil.rruflGntJy lowrred the maximum d~ 10 Lhr- .spnod cord 
lP <0.1102 for lxuli) •DII bt• hutem (p <01102 for botb}•od '""'"'do,.. to UJC IMynx (p <0.002 for boUt) 
•nd tpSII.lt~.ol (p -OJIO.I !MRT. p • 0.050 ii<Wpll,..) .ltld CDltr.ol•t•r~l (p < 0.002 IMKT.p-0.010 od.Jpuve) 
parotid glands. Adaptwe lMf'f .s®nflcanrJy uduct'd dO$t:S ro all cndc.a1 struct~$ cornpartd Vr'lth lMRT 
AIUl .odApll"" IMR'r .ll!d """"r•l crlllral SIJ u<lurt> compatt<l With ~<Liptl"" I MM'. 
Corc:~srans: Allhcugh ~d.lpl.fvr 1"-1RT rt"duced dose 10 !j(l\'t!rill norm.~l ~ ruaures cttmp.lrt!d ~1fh Mind•rd 
JMRT. rron--ad.apiJYl' prutm Lhlra~ had a more fawrable-dasunernc prufs.Je LbM! lMRTor adapLJve I.MKT 
.amlul.lyob,;.~r t11• n..,d fur .od•pllvo pliUIAihtJ. l'rultJni •lluw«< • lgrullc.am ip.!rlng of tl .. >PW..I wr<l. 
pilrol ld &lillds, lil)'l\l(, .ii.Udbroun~tem .lnd should be tOIU:tdcrtd (orSCQfN to decrease nonNJ tlssut I OJ~:~ 
idly whilt! sbJI proYldJng opuma.J tumor mvr,.._ 

Publl.l.hed by tls,.;er lflol.ll!d Lal.lladlorht:r"t>Y an<1 Onmlogy 101 (2011 ) J76-l82 

R.xli.ltion ttrrapy with conrurrenr cispl.ltin- b.lsed chemottrr
apy IS !he st.11ldard treatment for patients With locally advaoced 
SCCH N I 11. Ctrmor.ldladon an pocenually allow lOr org;~o preser
vation •nd impmve patient q~ality of life compared with surgery 
12 1. Concurren£ che.mor.1diation in this region, however, is associ
a ted will! significant morbidity. The close proximity to vlt.ll org;ms 
make.s ir dll!ic~Jt to deliver definitive r.ldlation doses to disused 
s-ites Wi[hout compromising nonnal tissue function. Xerostomia 
from sativ;uy gland dysfunafon commonly results and iS strongly 
aSSOCialtd with d)-1phagia. difficulty with soc1o1l eating. incre.ued 
oral bactena coloriution. de11tal to1rtes. and decreased quality of 
Ufe 13-SI. R.xlianoo to t tr glottic larynx c.tn result in poor voice 

funaiof\ weighr loss, SW<11lowi11g dysfunaion, and decreased qual
Ity of life [61. MucosillS 111. osteoradiOnecrosiS from dose to !he 
mandlb~ 181. and na~Ma from dose to rhe br.JinsleTI 171 an also 
ocrur. Conformal rechriques such as imensity-modulared radi<>
rherapy ( IMRT) u n decrease dose to defined critical normal tissues 
and ach1eve dose escalation to SCCHN target volumes 191. 

Ad.lptiveradiolherapy forSCCHN is incre.uingly being employed 
to accocmt ilr anaromic changes that c.1n lead m overrrealJllent o( 
normal dssues or underueamu•nc ol n.mors. Since tberr fs .a s-n-ep 
dose gradient wnh conformal lechnlques betwe.n targa and nor
mal tissues. imelfractiollillanJtomical cha11ges become signifianL 
lntedraa ional p.arient weight loss or-deformation ol rumor or nor· 
mal tissues are not accourud fi>r with st.tnd.lrd radiotherapy but 
can markedly alter head and neck Anillomy aDd modil'y rre.orment 
par.lmerers 11 0~ SCCiiN often have rapid favorable responses to 
t herapy will! s.gnificant rumor shnnkage II 1- 151. Such respoose 
can alfect otbernurby nont.trgeutrucrures. particularly thepanxid 

• CoiTfSPondirc amhor. ldtre-ss:: Narion.al lllRTUR'S of Health. N,.rlonaf CwKer 
ln\111-tU. Jbldi.CioD OnCDJogy Br.ancb. luildJDg aO.otC. lb:lm ID·UOU. 10 Cf_mer 
Drlw. llocii<Od>l MD l089l. USA. 

£-nmJ odlhss: simooe~allnlhg.ov (NJ.. SllnOilr~ 

016'7--81<10/S -see front matter PubUshl!d by El.sarierlreland ltd 
doi.lO. tOtGlJ.s..Sonc.lot t.os..cua 
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gt.ands. As prim~JY rumoB ~gress. parotid glands in d'l~ involvM 
t re.>tmentfleldsoCten shrink and aredispl.lced medially. potentially 
lorreasing r.ldi.:ttlon exposure I I 5- 181. 

Ad~prive rildlotheupy alms to modify rre;atment Jccording to 
changes chilt occur during therapy. For SCO'IN, this i 11110fves re· 
simu LJting panents durlng tt'rtr cadiothec.apy a nd modifying target 
volumes and trealoYOt plans ( 0 Jlle1lpl to rmnlnuze e.tfecu or 
aNtomic changes in rumors and surrounding strucrures. Preli min· 
ary studies assessing adaptive photon radiotherapy have reported 
Improved sparing oroiJ!ans at risk ( OARs) 112- 14 1. 

Particle thenpy may oll'lo provide • more folvorable toxkh;y pr~ 
file than IMRT. Proton therapy aum.,.. energy to be deposited at a 
specific depth knmvn as the Bragg peak. with "'''id enecgy £Jtloff 
be.ynnd tillS polnt i19J. Therero.,, noiTn.ll tlssues on thedJStal side 
of the t.1rger volume can be spared A single -institution repon has 
docum ented exceJ lenl IOGJI co m-ol rates and reduced doses to 
OARs for the treatment of SCCIIN with proton therapy 120 ~ 

To dJte, tbere is limited data dtrectly com~ ring different ndio 
t herapy modalities and tl'fatment strategies lilt SCCHN, and to the 
autbon knowledge, no data exJSts companng adaptive photon 
radiotherapy to part! cle radiotherapy or aisesilr«adaptive ~rt ide 
radiotherapy for SCCIIN. This is rhe first stUdY oomp.tring d-
volume histograms (DVHs) of targer volumes and normal tissue 
structures 10 p hoton-based versus proton-based plans using both 
fixed target volumes and adaptive planning for patientS with lo
cally •dVanced SCCHN. 

Ma terials a n d me t hods 

Ten consecuti•~ patientS w 1th Stage IV locally adVanced SCCHN 
treated at the. NatlonallonlrutesofHealth Oinic"' Research Center 
(six ~dents) or Walte r Reed Army Medical Center (four patientS) 
from 1/2008 to 9/2009 who required repea t simulation duriqg 
t heir course or radiotherapy due to char«es In an.uorny or dlfRcul
tles that .rose during rre.l(ment rel•ting ro ~riem ll!t· UP or I her 
moplasdc Lmmobilization devices \¥ere induded in the present 
study. Most patle<tts had orophal)'nx primal)' maUgnandes (seven 
patlenrs), and all patients had N2 nodal distaie, with thru havir« 
bilat eral nodal i11110tvement and a ll but one having multiple poi\. 
""" lymph nodes IAJCC. 6th Ed.J (Table I ~ All r•nenrs underwent 
a single r<peat slmulao:ion pl.lnning session thJt occurred on aver
age 2.9 weeks into treat men< with CCMlCurrent chemOr.Jdi.orion and 
were rreared to revis-ed LJrget volumes ba.sed o n dle second cr 
data set following repeat simul.lrlon.AII p.atientswere treated With 
IMRT In 2 Gy daily fr.Jctions to 70 Gy overlS fr.lroons with cooc..
rent cispl~tin. 

The CT im~es from these patients were used to q uantify dos,._ 
metric dtlferences between pbolon and proton thmpy. CT data 

377 

v.-ere.Jcq.Jired with <l slice thkknessof3 mrn. CTim.lg6 v.wpre im 
ported into ~ photon and proton commen:ial ueatment plan nmg 
iYStem (Ecllpse, Van an MediGllSysrems. POlio Alto, CA) fordeAning 
target and noncargeut runures. OARs 0111d pl.lnrlngtarget volumes 
( PlVs) were col1£ourf>d on me initial aod re--simulation CT images.. 
Target and nontuget structure sets for a given patient CT image set 
were held coostant for oll l pl.lns. Assessed OARs included the bil.lt· 
era I parotid gl.mds, glottic Lll)'rut.spin•l cord. broinstern. and m•n· 
di ble. cr st reak ani facts from metal were contoured and ol s.signed o1 

CT value equivalent to tissue pnor to calculallng all photon and 
proron pl.lns. Anifaru from teeth were asSigned • tissue equtv• 
lent value for all prOton plans and as necessary ror phOton plans. 

Gross Tumor Volume (GlV) was defined as the m;wmum ex
rent ot all known gross disuse dete.rnuned from dlnical e.xamlna.
tiol\ endoscopy, or CT, MRL or PET imaging. In all directions 
drrumferentiaUy. the margm berween G1V and Oinical Taq~et Vol· 
ome 70 (ClV,o) was I em to include an volumes of knmvn tumor 
•nd suspectlld m.crosoopic spread. Ttu rnargm w.u reduced to 
~2 mm for tumors in dose proximiry ro bone or air not ar nsk 
i>r subdmical diSease. H1gh nsk nodal regions, Including small vnl· 
ome lymph nodrs •nd all pot~ntl.ll mutes of spread ~r primary 
•nd nnd•l di561se, were contoured and designated av .... Nodal re
gions at l01.ver risk of disease spread were designated av 9J.. 

To account for set-up vari.lrlon and crg.tn and ~dent motion. • 
..-.r~rm margin cr 5 mm was added around each corresponding 
CTV to define Pl'l ,.,. P'IV.., and PlV,.. respectively. To account 
in proton beam propernes .and range uncenainties. proton beam 
r.tnge compt>:ns.atoD weft' designed to pmV1de proximaJ and di.s:till 
margins relative to each PlV,and blockir« was designed co creao:e a 
b teraJ margin rel.nive to each PlV. These margins were individu .. 
alized for each patient on the basts of the formulas by Moyers 
nal I21J. P'!V,., was planned to 70 Cy lOr photon plans or 70 co
balt Cray equlval<nt'l (CCE} for proton plans, with proton doses 
corrected with d r accepted relative biolog.c effectiveness vot.lue 
or 1.1 1191. PTV.., was planned to 64 Cy or 64 CCE. whereas 
P'!V,. 1ws planned to 50 Cy or 50 CCE. Pl.lns were devised ro lni
nally target P'IV <o foUowed by a conedmvn to I'TV ... roll owed by a 
second conedown to I'TV10 mth no Integrated boost adnunistra· 
lion plamtd 

FOur treatmem pl.lns were generated ror e>eh ~tien< (n a 40 
plans): ( 1) pboton JMIIT, with treatment pl.lnned to the target vol
lm., and normoll structures from the lt'ltlal CTimagt .set.{2 ) adap.. 
tive phcxon IMRT. with treatment pl.lnned to the Qrget volumes 
and normal structures from the imti at CT m>age set to 36 Gy and 
to the secood CT llmulation Image set to 34 Cy, (3) spot scanning 
protoo IMPT, with rreaanent pl.lnned to the targtt volumes and 
normal srruaures from the i nitial CT image set. and (4 ) adaprive 
proton IMPT. w1tb treatment pl.lnned to the target volumes and 
nortnal structuru fmm the 1nit1al CT Image set to 36Cy and to 

P•rient l:lrirnary di.se.ue 1 NSI<ly' GlV lbifl.tl WILDe crv r~ volumr Yrv,. lnll_l.al volume ltrv 10 r~ao wlumt-... .-, lllll:•" ( ani) ran ~ I em') (cm1) 

SupPgt.rlc brym 1'2 Nlt 41.1 l0.6 160 t:!A..G 
Omplwym: rons.l 0 N2b 1"7.4 5.1 .ti<UI TI.S 
0101\.,.,.:bu•ol: n N2c 19.7 Sol.a 4942 !llii.O 
101\;.lr 

• S14'i>floltlc biY"' n Hlb 46.4 6.6 19l.t I )Ill 
s Omptwynx: toMil n Nlil l6.7 17.7 28:U 144.7 .. 010ph.uylll" tonoil n Nlb 171.0 w 5 14..0 l.t.ll.l 
1 Omph.uynx: tonnl T2 Nlb 71.1 13-4 )86.2 17U 
8 0 mp b.uynx.: tollliJ T< N2b 1Jj) 11.7 19<1.9 UI.O 
9 N_ ... l)lnA n N2 lOO.S 100.1 171.7 !>C.S 

{bo.,...q 
10 tl10ph.uylll..IO ... I , Nlb h"'.I. JlA «lll -0 

• ljCC, 6lh l.d. 
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Promru oud J!t'IRT for head GJld ned: C4.Beer 

che second cr simulation image set co 34 Gy. For aU adaptive plans, 
roll owing the first 36 Cy planned co the initial PTV.50 based on the 
initial cr d;ua set. the remaining 14 Cy planned to a revised P1V5() 
and both conedown doses to PTV64 and P'IV;tl) were planned to new 
PTVs devised using the second cr data set. The initial and subse
quent CT data sets \...ere fused together to allow for plan sums 
and comp:>site OVHs to be generated. 

IMRT and adaptive IMRT plans were designed with seveo 
equally spaced beams every so~ beginning at 30.1 {30°, 80°, 13£r, 
180-', no~. 2800, 330~) centered on eacb corresponding PTV 
{Fig. 1A). These beam angles corresponded to the class solution 
employed by out clinic ror rreating locally advanced SCCHN. For 
proton and adaptive proton plans, patients were planned with five 

A B 

be.1mscenrered on PTV'-'la and P1Vtl4, \vith beam angles individual· 
ized ror each patient. For the final three fractions or proton therapy, 
patients were planned with an individualized cwo-field technique. 
with beamscentered on P1V10 ( Fig. 1 B-C). For photon plans. 6 MY 
photons were used. wli1ereas the maximum clinical beam energy 
was 235 MeV for proton plans. 

For optimization purposes., dose objectives were created tor 
PlVs and OARs. All plarls were optimized via .. lelios lnverse Treat· 
menc Planning{Varian Medical Systems) to minimize dose to ctit .. 
ical structure by incre.asing consrraints on OARs and OARs witb 
margin {spinal cord, b rainstem), while IThlint.lining optimal PTV 
coverage and do.se homogeneity throughout targer volumes. Plan
ning was perrorrned co achieve maximum doses co the spinal cord 

c 

fig. 1. Beam arran#ment.s and rrearment planning images. ReprMentative beam .mangements used ror (A) pboron plans ro rreat PTV10 with a .seven-field Eechnique. ( 8) 
proton plans ro rreati'IV~ and PTV00 with .11ive-6eld Eedmique. and (C) proton plans 10 u-eaE P'IV.,0 w-itb a M o-field rechnlque. Beam .angles ror photon plans were equally 
spaoed .1nd « nrered on each corresponding P'JV. Beam .angles ror pro! on plans w ere individuatized ror e:ach par:iem 10 minimize dose to cri tical strucrures and mainuln 
oprimal P'IVcove.rage.1nd dose homogeneity lhro~.~gbouE !he talgt'Evolumes. Representadw rrear:mem pbnnlngbnages for a patient witbd4N2cMOstage riA squamousc:eU 
cardooma or theorophatynx { base ortongue) in axial planes ror (D) IM R'r .and (E) proton ther.lpy.and in .sagittal plar.1es ror ( f') IMRT and (C) proton therapy. Images depio 
tre.lt menrro P1V 10 the final lreilonenrconedown targ!tiog gros.sdiseasewlth margin. The .same slices from thuame Initial crdata .ser we.re employed ror f'ig.. HJand Eand 
f'lg.. t f' .and G,Cobr roding:: red - loal to btue - ~of6Cy in 2Gy fr.lctions. 
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less tbAn 45 Cy. br~lnnem less than 5-4 Cy, and m:~ndibk no more 
than I cc to exc..,d 75 Gy, as well as mean doses to the parotid 
glands less than 16 Gy (o r at least 502. o f one gland less than 
30 Gy) and glottic tuynx tess than45 Gy. All plaru w~rt opt imlzrd 
to ensure 1001: orthe prescription do!e covertd '>97'1: of each I'TV. 
DVHs o( PlVs a nd OARs were generated for IMRT. ad aptive IMRT. 
IMPT. and adaptlve iMI'T plans to compa..,dllS<'s to tlJDor volumes 
•nd nor~l srruaurts. 

Various mer: hods w ere used to minimize bias in the present 
study. Ten consecutive p:anents who required re-plannmgwere m ... 
cludtd In this study to rrunlmizt 5.1mpllng bl.u. Al l cnntou" wert 
performed by a single radi•cion oncologist (CS) and approved bY at 
least o ne additional radiation oncologist. A standard rreacnem 
planning opt lmtzanonstrategy was used for al l photon and proton 
pl.lns. Corlormiry indexes (see definition in Table 2) and Ovtts 
were ~sessed ro ensure comparable PlV coverag e between plans 
tominhnize any bias when companng normal tissue dosimerry be4 

tween plans. However. despi~ these measuru, as with any rttro
spective srudy 122), h is possi ble that bias existed in the rorre"' 
stody that mi!)' have flvnred a certai n type or planning strategy. 
Funherrnore. d esptte recontouring on and fusing the secood cr 
da til sets to the firs t cr data sets. as defor~ble reghtratinn was 
noc employed and s~ll changes were nO<ed in nor~ I nssue posi 
ciooing on th~ second cr dar a sets followmg tumor- respome, a 
margin or error m.ly exist lo the do,. a«umul.lted bl'tWeeo the 
initial and subsequent crs. 

Statistical analysis was pelfotmed usingjMP 7.0 ( SI\S. Caf)l, NC~ 
Because the popu.Jaclon was not normally dlSUII'luted. o1 noo·par.J ... 
meulc statisucal hypothesis was utlllzrd. The Wilcoxon Signed· 
rank test was used ro evaluate che differences berween pairwise 
comparisons~ A rwo--rniled p ... Y.Jtue w.u utilized and mtisticaJ. sig· 
oificance was defined .u p .; 0.050. 

Res'Uits 

I'Dll<!rtt .srJJiisdc:s 

The mean C1V volume from the initial cr image set o buined 
bei)rr concurre"' che.moradiation w.u 76. 1 em' frange n.o-
173.0 em') (Table 1 ~ The mean C1V volume from the second CT 
Image set decreased by 53.4%to 35.5 cmlfS. I- 100. 1 em'). The car· 
rMpOndlng mean I'TV,o volume de=ased 39.71 rrom 372.2 cm1 

)164.4-878.7 cm1 1 co 224A cm1 (77.8-543.5 em' I. No appreci.lble 
difference in rumor volume reduction was noted by rumor- primary 
location. 

Dose COVtlllge 

IMRT. adaptive IMRT. lMPT, and adaptive. IMPT p lans all pro· 
vided acceptable target volume coverage, with no signilium dif· 
rerence in coverage to MV1o. PTV64, o r PlV!O among the different 
plans (Table n In aU uses. 100%ol the pre!Crlptioo d05<' cove~ 
o. 97'1: or e»ch PlV, and no poi nt dose wtrllin orout\ide I'TVs was 
>114% of cl:te presclibed dose ( Fig. 1 D-G~ OVerall, procon p lans 

Tltft2 

ilnd •d;.pdve pr-oton pla.n5 bdd .superior confonnlty th.1n ellher 
IMRT plans or adaptive IMRT pl.lns, and they delivered less dose 
au !Side of rarge1 volumes. particularly amoog low m intermedi.lte 
dos ... volume.s (Ta~le 2~ 

IMKI' vmus odnp<Ne IMRT 

Compared Wltb IMRT pl.lns, adaptive IMRT Stgnific.Jnt ly de· 
creased the maximum point d05<' to the ~ndible (p • 0.020) ""d 
mean doses ro the left parotid gl.lnd (p <0.002 ) a nd glottic larynx 
(p• 0.049)(Table J. ~pplementaryTable Sl ~ The maJOmum dose 
to the bralns<em WII S somewhat lower with •daptive pl...,s, 
although this difference w•s not sc:.uiSiically s ignificant 
(p= 0.084~ There was no difference m the m.uamum dose to the 
<Pi nat cord (p • o.no) or mean d05<' to the nght parotid glllnd 
(p • 0.846). When assessing the parorid gla nds relative to the si te 
of primary diseast for each patia1t, adaptive IMRT decreased the 
mean dose to the contul.!terill (p =0.049 ) b ut not the lJ>stl.lter.!l 
parotid gl.lnd (p •0.160) )Supplemenlilry F'og. 51 ). 

IMRT vmus IAiPT 

Proton therapy significantly reduced the me•n and maximum 
doses to mosr OARs examined. Compared ,.;rh IMRT plans, IMPT 
redtred the ma:<imum doses to the sprna l cord (p < 0.002) and 
bralnstem (p < 0.002~ as well .u the mean doses to the left 
(p<0.002) and right (p•0.004) parotid gl.lnds ""d larynx 
(p < 0.002~ Both tbe ipsilateral (p = 0.004) a nd conrral.ueral 
(p < 0.002) parotid gl.lnds showed Slgnific.Jnt sparing wl ttl proton 
therapy. Only the maximum dose co the rNndible (p • 0.275) was 
not significantly redtred with proton therapy, althoqgh the mandi· 
ble V60 (p <0 .002) a nd V70 {p = O.O IO) were lower with IMPT 
(Fig. 10-G~ 

MnpdvtiMIUverntJ IMPT 

When compared to adapove IMRT, IMPT provided a signlfic.ant 
dose reca.aion to all OARs ocher than the mandible (p • 0.826). 
Procon lherapy reduced the m.1ximum doses ro lhe spinal cord 
(p<0.002) and btlinstem (p<0.002~ as well as the mean doses 
to the left (p • D.OIO) and right (p• 0.050 ) parotid glands. lpsil.ilt· 
era I {p = 0.050) .ond contralateral (p = 0.010) parotid gl ands, and 
l.lrym (p < 0.002 ~ 

IMKT vmus odap<Ne IMPT 

Adapove IMPT swu6candy reduced the mean a nd maximum 
doses ro all OARs examined. Compared with IMRT p lans, ad•puve 
IMPT reduced the maximum doses w the spinal cord (p <0.002), 
brainsrem (p <O.OJ2 ~ and mandible ( 0.020~ as well as t he mean 
doses to the left (p•0.004) and right (p•0.004) parotid glands, 
Ipsil.lterat (p • 0,004 ) and contralateral (p• 0.004) parotid glands. 
and larynx (p <0.1102~ 

Comp.arisonr of rh~ rntoWI dl:t5t" ro rolll')rt ~mes .and arionniry index-es" ra IMRT. Wpriw IMRT, lMPT.And 1dlprive la.tPT. 

votume or m r«<~virc 1001< ar,ho p,..,.Jbed .- Conformhy In-dex-

l'tV» ""'· rtV,. I'IV~ ""'" PTV,. 

lMJil !ruiS ( >II2.Sl li!I.IX I.a3S) 98.il1~) 1!17 (±OAK) t59 J.ml) L49(.0.2f>1 
Ad.Dpov~ IMin 1>9.1,{10<1) 1>9.14 ,>~) -~) .U.. (dU6) l.5J .0..19) L?Siftl,li!l) 
aa.u.rr 09,9S(tii.ISI !19.SS (idSS) 99.lll (rll.'ltl 1.$1 (tO.ll) 1.30 (.0.1&) Ul(rll.ll) 
Mapli .. IMJ'l 99.9l(:o0.11j JI!I.SS (t05ll) 99.4 (rll.7J.J 1.6< (tO.llj lAO (dl.t9) l.!.<l(.dl<llil 

' VA..Ite! llued (or lfJV vol\ant:l .and mnb:wmicy lndetbltt I he. mt..1D •.llliJIU rot tb•stud')' pop.lbtion. tbt sund.&Jd d&lolliOIU for~h co.mp . .-hon 1rf blfd In bfat.bts.. 
• CDnrormhy indf'• w.uc<lkul.sll'd » rhf'rOII'iDofrht rt'ftl!-nn l~merorhfovotum•arach piJnrlnJ tl,.,.r vol..ne bftn:n~d. with me ti.' i.iOdo.w Unr of 
each l'fV .se.ltcted .u lhe refereoce I.Kidose--v*~ tn olaord.aocewlth ICR.U .SO gul&Jm.a. 
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~pi lVI 1.-fi p;n<ld •l&hr poi1XJrl rpoU.rt<r>l p.uolld CA>orrill>rml Gaonc lrilrllttm Mllldlllt 
mrd ..... Msn Vltt Mean V20' Moan \120' 
(GYJ (Gy) (() (Oy) (I) (Gy) (ll) 

... rrr <1.1 37& 60A 32.0 su 43.1 6lA 
Adapaw 41.1 3211 ~4.0 JL6 S<Jl '19.0 bl.6 

111411 1 
fo&l'r lO.S 7:12 47.9 2SJ •u 32.9 S<.s 
ld<:~pdw lliA ~.0 OJ ll.l •u l!U $JJ 

IMPI' 

r M.ax • JV~ naximum poiN dole. 
• V'YJ/rD{70 - ..atamer«emng ~/WPOGy. 

AdapriYe IMRT "'""' adaptive IMPr 

Whe.n camparod ro adaptive IMRT. adapciveiMI'T sigm6c.1ntly 
reduced dose to aU OARs examined. Adaptive IMI'T reduced the 
nwdmum dooes to th~ spinal cord (p<OD02~ brnlnst~m 
(p < 0.002~ and mandible (p • 0.049), as well as <he meao doses to 
the lelt (p = OD20)and right (p = 0.010) parodd glands, ipsilateral 
(p • 0.01 0) and con1nLueral (p • 0.020) p.>.I'O!Id gl;tncls, and larynx 
(p < 0.002~ 

IMPr 1<!1514 adopnw IMPT 

When compan:d ro IMPT. oldiptive IMPT provided ~ further 
reduction in dose to several OARs. AdapriYe 11\.!PTreduced the max
rmum doses to the spinal cord (p $0.004) and mandible (p = 0.006) 
and mean dOS«"s to th~ larynx (p • 0.01 O) and ipsililletal ~rodd 
gland (p a 0.020). Non-signific,lllliy lower mean do>es <O left 
(p = 0.084) and rigbt (p = OD65) parotid glands and maxim um dose 
to the bralnn~m (p •0.1 06) were ~is<> demonsrr~c~ withadapriYe 
IMPT. There wos no difference in ~•n dose ro rhe concralaoeral 
parotid gland (p = 0.160). 

Discu.ss:ion 

This study dernonsrmed that adapcive pho<on radiotherapy lOr 
locally adV<lnced SCCHN can significantly decrease the maximum 
dOS«" to th~ mandible and mto>n dos~ to the contral.ueral ~rodd 
gland and glOttic lilrynx when compared with IMRT, while stil l 
maintouni~ optimal rumor coverage. Proton radiolherapy, how· 
ev~r . .>.Uowed further heneHIS over !landard IMRT and adaptive 
IMRT plans by deae.ulng rh~ maximum doses to th~ spi nal cord 
and brainsrem and mean doses to the bilateral ~mcid glands 
and laryn'<. while mil dehvenngoptirnal tumor rover~•- AdaptiVe 
pnxon radiothernpy further r~uced do~ r«~lwd by the spinal 
cord, ipsilateral parotid glancl. glottic larynx. and mandible com· 
par~ with noo ... daptive pnxon plans, although this reduction 
w.>S less cllnlcaUy <lgnr A cant. 

High dose homogeneicy and rarget volume roverl!ge were 
achieved despite a divecsepaoenrpopula.tion with varying primary 
tumor locatwru and l'.'<lents o( nodal onvolvement.lmportandy. no 
significant d ifff,rence In P1V cove-age w.u t~Mlonstraced betw
aU plans, thus minimizi" bia.s w hen comparing normal tissue 
dosimetry. However. the sensttlvtty of proton plans ro anatorruc 
and target volum~ changes w.u geneully gr&ter than rot photon 
plans. Pl.ms wuh _,wet be.lms and with beams in the d ir«tion 
of shrinkage of target voltn~es were most sensitive. For target val· 
umes In this srudy that extriboted signiHcant shrink.lge f'oUoW!ng a 
p..Uoll coorse o f chemoradoation priot to repeat CT sim~Arion lin 
adapcive radiotherapy. the acrual doses delivere<l tO c ritic.ll srruc
tures jUst distal to shnnking target volumes V<lried !rom the doses 

~rorid bryrur 

~·· 
\120' ..... Max" .... II'S)' V70' 

(Gy) Ill (Gy) (Gy) (Gy) (1:) (S) 

16.8 47.S 4S.4 44.8 15.1 3-4.2 I~ 

2S..l 45.2 41.8 42..2 n.o 2S.3 6.7 

19.5 3!1.2 ]5,3 113 7l.8 12.JI &.!l 
1&3 1!.7 11.0 19.0 711 w ll 

expeaed based on lhe initi<~.l cr dau sets more walh promns: than 
photons. 

Adapovt mdiodtmrpy 

Suppocting a p01ential benefi t o( adaptive radiotherapy in our 
study, when COI'I[OII's li'om the oniti~l CT omagt sets wen. com
pared with <hose from the re-planning CT image sets, • significant 
reduction ln mea.n GTV was demcu::asuated th.Jt was sim.iLu- to ru .. 
mor reducdons report~ In pr~ious studies with an average 
r~duaion In GlV notl!d becween 69\ and 73'-' [ 11- 15[, Several pa
tients in this snxfy underwent re-planning earty in tbe- course or 
their r adtotberapy ancl. therofore may have bad more GlV re<luc
tion if re-plaming Wils per(or~ later in therapy. 

Prellminary re;e~rch on adaptive radiotherapy has demon• 
srr.n ed potential improvements in radi ation treatment dellvery 
which was also roted in our srudy. By evolluatit111 ~I CT images 
throughout radiotherapy, Barlter e t al n.ported significant changes 
in size and posmon.s. of r:arget volumes and OARs, suggesting dosi
metnc underdosing of P!Vs or overdosong of parotid glands may 
occur if such changes are not .xcounted for with re-planning 
[13[. Another stud~ demonstra<ed lack of re·planni ng decreased 
dose cov..-age or origl naUy pl anned P!Vs in 92~ of patients and tn· 

cn.~sed the rnaXJmum doses deliv~d ro the spin.tl cord in 1 OOS 
and br.tinstem in SS'l [14[. Anoth..- study showed the dose deliv
ered to parodd glands can be 5- 7 Gy higher than what was 
pl.lnned at the bmt or Initial sim[jauon In 4S'l or pa.tients (18 [. 
Although sm.Jll absoluoe differences in dose delivered to such or
gaos as the !lLlndtble and spinal cord may be less clinically signif· 
icant. such an lnr:.-.ase in dose to parotid glands is not crivial. 
Pill'odd glands exhibrt ~ st~p dose-r~onR relationsh ip, with 
funrooning Impair ed after a mean dose as low .>S 10 Gy and grade 
4 xero.stomi;J: occurring 10 70% or patients recerving mean doses 
greater than 26 Gy [4.5[. 

Although attempt wu made tO maintain the mean brlareral pill'· 
ocid gland dose under 26 Gy. P!Vs and ipsilateral panxld glands 
overlapped In rn<Mt patlmts. As the priori !}I of sparmg the pa!Olld 
glands W~S lower than that for iiCbievingthe pr~cribed PlV COVet· 
age. few patients ho1d me;m ipsilateral parotid ~land doses below 
26 Gy. and the reduction in ipstlateral parotid gland mean do<e 
from 43.1 Gy With IMR'T co 39.0 (# wirh adapti~ IMRT in this 
srudy W.>S nor signific..-.t (p •0.1 00~ The contralateral parotid 
gland mean dose was lower with adaptive llv!RT (25.3 Gy vs. 
26.8 Gy, p • 0.049), wbicb is 1 n lioe w itb tbe magnirude or panxld 
gland dose roduction of up ro I m: reported in prior studies assess 
ing ad.apcive pho<on radiotherapy [12[. The mean doses to the ipsi· 
later.tl and contralateral parotid glands with IMPT or 32.9 Cy and 
19.5Gy, r~s~lively, and adapriYe IMPT oi29.8Cy and IS.JGy, 
sugges·c an even tarrer potential clinical benefit in preservillion of 
parotJd gl and functnni~ with protons. 
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~era I roncerns exiu 'Nith ~d..lprive tre01~nt pLlnning.. Since 
adaptive radiotherapy is labor intensive, defoiTDable Image regis
tration. automat~ target deiotatioo, and higher computational 
power likely will become more imponanL AdditionaUy. the timing 
of when to re-pl an dunng chemoradi.Oon is nO< well-defined. 
While some practiuonen utilize dose thresholds to perform ne
somul.ltion. others use ;anatomical thresholds such as GIV r<duc
tion, In this srudy. patients undeowent a single repeat simulation. 
As has been demonstrated in pnor studoes 11 21. a greater benefit 
with ad.Jptive radiother.apy might have betn s'"'n of re-pl.lnning 
occurred more frequently during r.adiother.apy. 

Controversy ~lso exists regarding local rontrol w hen rreadng 
smaller target volt.mes bastd on re,.planning CT data 123-24 1. 
With tumor responses lifter both induction chemotheupy and a 
partial course o( concurrent chemoradia[ion, ronces-n exists dlilt 
substanti.1l numbers or rumor cells may remain in tissue volumes 
previously occupied bY gross disease th;~t al'l' btlow th< thresbojd 
ofudiographic detection 123- 251. To ev;aluate the5e issues. there 
are currently three pilot trials lead bY U.T .M .D. Anderson cancer 
Center. Washmgron Universtty School of MteUone, and Universtty 
Hospital Ghent ( BelgJUm) that a om to aS2u ad;lf)tive radlothenpy 
for the treatment of SCOIN 1261. A recent consensus m nference 
as:s.esslng induction chemotherapy rKommended tre.1t:ing paoent.s 
based on prechem<Xhenpy cargtt volum<s. ""J!.Udii!SS of rumor 1'1'· 
sponse. to iiVOid risking marginal recurrences. While no soch con
sensus eXJsts for adaptive radiotherapy, the muiD<llscip6naty team 
condudtd that " many of the sanll! LS.Sues and recummendations 
will opply to adopcive RT ... " 1211. 

Proton rodiorherapy 

Particle radiotherapy h.u also been shown in preliminary re· 
pons and modeling studtes co impr-ove tumor dose diSuibution 
•od decrrasr normal tissue to>dot y to rbe tt<arme<¥ of many can 
cers i 28 - 30I SCGIN compared with photon therapy 13 1 -36~ Coz.zi 
et at. performed a treatment planning comparison of mixed pbo
ton-rlecrron. 30 con(ormal phoron IMRT. and proton therapy( pas· 
sively scattered a nd •pot seamed ) ror patientS with advana.d 
SCCtiN. Proton pl.lns provided improvtd dose homogeneity and 
d elivered the least dose ro the spu1.1l cord and parotid gl.lnds 
ll JI. Jnvesrlgaton li'om lorna linda Univtrslty Medic.ll Cenrer 
treared 29 patients w ith sage n -IV orophacyrc:eal GJncers using 
an acceler;:ued fr.Jctionat10n schedule With a combi.naoon or pho
tons and protOns to 75.9CCE In 45 li'amons. Thar ,..,pontd B<U; 
lororegional col'llml .lnd 65% disease- free survival rates a t five 
ye.:trs com~re very fclvorttbty ro historical controls \vithour 
increasing treatment tox.Ioty 1201. Anocher dosimetric study of 
hypopharyngeal patients somilarly demonnm~ lower doses to 
non-Llrger tissues with protons t han phoron IMRT 1321. 

The dosimeu:ic advantages or pror:on radlocherapy demon· 
stra~ in this study might Improve til< lhttapeutlc ratio lOr pa• 
riern with locally advanced SCCHN. Bastd on hiStorical dose
response relationships, with signific.andy lower radiation dos.es to 
several DARJ dernonstrat~ in this study, pa.;.,nts trt.ll~ wtth 
prolons m.ty h.lvc improved qu.~llcy of lire 11nd reduc-ed nnes o r 
xerostomia, dental problems, voice changes. weighr loso, swal low· 
ing dysfuocnon. mucosins, nausea. and other radJation·lnducrd 
toxlcotl15. Longitudinal studies .,...,llllni~ norm.tl lissur toxk:itles 
from photon and proton radiother"l)y are need~ 10 confinn the 
cHniGll signifiunce or our findings. 

In thos study. although adaptrve photon radiotherapy rtduc:rd 
dose to sever.al OARs compared with stand.Jrd IMRT. non....,daptive 
p roron plans were dosimetric ally superior ro all phocon plans de· 
spite plannong to treat larg..- target volumes than were plano~ 
with ad.Jptive photon r.adiother.apy. To d.Jt~. no preVIOus data eJOSt 
assessing ad.Jptive proton therapy for SCCtiN, and adaptive proton 

ther.1py has only prPviously been ev;alua£ed i n a ~i~le dodmetric 
analysis of patients with non-small cell lung cancer 1371. Although 
adaptovr proton p l•ns in this su.dy, compared with IMPT, signifi
cantly lowel'l'd tht r.adiation doses 10 the spinal cord. 1psil.neral 
parotid gland, glottic larynx. and mandible, this dose reducrion 
was Jess c linicaUy ;ignificant and lhe magnorude of this reduction 
compartd with IMPT pl.lns was much less than the reducuon on 
dose achieved bY non-ad.Jptive proton plans over IMRT and adap
ove IMRT pboton plans. W1tb concerns reg.udmg a.dapove rrea.t .. 
ment strategies and rhr limittd !'l'sourets ol th< few proton 
therapy c:rnrers worldwide at t his <ime. it is u nlikely th;~t adaprive 
proton rherapy will become a clinicaUy utihzed modality for treat· 
ing patients with ~CHN solely In an attempt tomlrtmice the val• 
1111es or r.ugets trtate<l. particularly in light of the slgniflCOUlt 
benefit demonstraoed in this study with st;,odard proton rberapy 
over all photons plans. However. as proton plans are more se n_si.. 
nve than photon plans to onterfractiooal changes In tumoc volum<s 
~nd patient ii~Ytomy, care most bt ~ken ro accoulll ror rhHe 
cha~es or othen\ise ensure acculdcy or rhe beam range wben 
using protons to tr•.n SCCHN . The role of adaptove proton r.adoo
therapy m;>y besr be a nswered in the contexr of a clinical rri.ol With 
senal ty planning repeat cr sim~ations. 

The possible advantlg:es m proton cher.1py arr beu:ag assessed m 
th!'l'e phasell orf.ils for SC:CHN. Rest archers ;~t Unoverslty ofFloridJ 
and MassachusertsGener.al Hospital are mvestig;oling proton th<r· 
apy for r:he tteattnmt or na.sopbarygeal carcinomas.. and mvestiga. 
tors at Univ•l'5ity of Rodda are assessing proton thrrapy to trrat 
oroph1rynx oncxrs. Elch of thex trials is en rollins: p.:~ricnrs with 
considerably less a:lvanced dise.ase than was included in the pres
em study 126]. 

Slnndard vs. adoptive rodiorhrropy vs. proton rodrothmopy 

Thl5 study assessed a population of SCOIN panents with a high 
disease burden, a ll or whom had •cage IV non ·rottasodc di..tease. 
The advanced nature of their dise•ses may have a llowed for a 
greater .tdvancag:e for- adapove plans ove.r non...adaptive plcms fot .... 
lowong an inltlal tumor I'I'Sponse to chemoradiatoon. However. an 
even greater benefit to adapuve r.adiot henpy may have been dem· 
onsrr.ued if the study p:~pul.ation had been Limited ooly co patien[S 
with dlnically sigruficant responses to initial partial courses ofche
moradi.lloon. Additionally. ""it her photon tecbnLqlill' could main
tain optimal I'TV coverage while sparing DARJ to rhe same 
excem:- as either proton t.echn~que. lc is j>OSStble thac the dosimetric 
advant.l~ to OARJwoth protonsdemonsrrartd In tbfs nudy would 
be even greater m p.>oents With less <ldvana.d disuse. As sudl,the 
srudy resultli may not he ap plicable to patients with earty.,;rage 
SCCHN and may underestimare the pocentl.ll heorflr of proton 
therapy over photon therapy. HoWI!vrr. It Is •lso possible that 
the spor scanni~ pro<Dn techniques utilized in this srudy allowed 
6>r a greacer benefit with pro[Dfl cherapy than would be seen in 
c:rnt""" tn'atlng SCCtiN patients with scanertd heam dellvtry. 

Condu.sioo 

fa< patients with locally advanced SC:CHN. adaptive pboton 
tadiother.apy offer! som< henefit over standard l MRT In reducing 
dose 10 several regional OARs. Proton thrrapy has a morr favor.able 
dosimetric profile ohan either standard IMRT or adaptive !MRT and 
sognotlcantly lower r.adiation doses ro thr spinal cord. bil.lter.tl par· 
otid glands. giO<Iic l.lrynx. and braln!aem. As such, the dosimttric 
advantage demonsrr.ned with non-adaptive proton therotpy in dlis 
study may obviate the need (or adaptive treatment planning for 
patitnts with SCOIN. With decre.ued doses deivtred to DARJ. 
patient< rreated with proton therapy may henefir from fewer 
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radiadon~induced side effeccs. Prot on therapy should be consid
ered for patients with locally advanced SCCt-IN to decrease normal 
tissue toxicity while still providing optimal n1mor coverage. 
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Supplementary data assodaced wfth this anicle can be found. in 
the online version. at doi: I 0.1016/j.radonc2CIII.05.028. 
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l'ul'J)O«' : Phncon rodiotberavy ha• been the sr:mdard odjuvnm r~ntmenr .,r s tugc I ..,minmna. Sing"'.(!""' car· 
bOplatin tbe.rapy and obsern tion bave e.merged as aJteroativeoptioosdue to m nrems for acute toxidties and sec-
ondary maUgnnncl<s f'roru radlatlon. ln thb losdtutlonal rnl..w bonrd-nppro•ed s tudy, we ooml'llfed photon nnd 
proton rndiotherapy for >tu~ T .seminoma and th e prooictrd rates rA ~ce"' ~econdnry nllllignancie< for· both mat· 
ment modalities 
Mtlhods aud Mattrlal: Comput<d tomography images from J(} c~uth·• valltnls wltb •tDge I SHUinoma Wft'< 
used to qunnnfy dosm1ell'ic d ilferen l't;!; ~IW~n photo n and proron Clu:rapios. Stroctures reported to be ut in· 
crea.•ed risk for seconchry mn&.gnancios and in-field crilicnl structw es w ... e oonto=d. Revnrted m odels of 
orgwHptdftc r adladon-btduced cmcer iucldM<'< r.llts based on or gan equlmt•ut dose Wft'e used to determine 
the ~a>.ss absolute ~<k of~oondary malipncics. Calculated vlllues were cO<liJlllrcd "ith tumo r regl<try reports 
or excess secondary malignancies among testicular cancer wr,;,·ors. 
Results: l'boum and proton plans pro•idod coo1paroble target .-olwne rovl'1'11ge. Protoo plan< de.Hnred >ignill· 
candy lower DlfiiD doses to ali i'Xwnlned oormaltissoes. excepr fn r the kldnet'S. 1l1e g~atest uboolute reduc tion 
in menn d- was observed fo r tht stomach (I 19 cGy for po·o(on pt:ms ..,;. 768 cGy for phot.on plans; p < 
0.0001) . Signi ficantly mor e n:cess secondary=cers I""' 10.000 patienl$/yffir'OVere predicted for pbolon rndialion 
thAn for· proton r adlatioo to thU IOtlllicb (4.11: 95"1> c0116d01JC<Intervul [Cl].3.22.-5.01), large bowel (0. 81: 95% 
Ct. 0.39-1 .01), n.nd bladder (0.03; 95'k CT. 0.01- 0SS), wh.ilc no dift'c~ntt .... domon\tr;>tcd fo r r odiolion to the 
pane rea.• (0.02: 95 ');, Cl. - O.OJ- 0.06). 
Coucluslou.s: ~or pallenl• with shll;e I semlno01a. proton radiation rbrrapy r·eduoed tbt p r'Odkt<d .wcondury 
cancer rl'lk eompa~d lfllh pllocon dlcrapy. w~ prffiict u r eduction of one additional seoonchry cancer for every 
50 patients with • lifeelCvectancyof40 Y"'"' fromlbe lime of radiation l realmtnt with protons instead ofpboloos. 
J>rotoo radiation thl!'upy olso oUowed slgnlllcant sparing of mnst crltlcnl rtructures c:romlned aud warmnts 
fUl'lhl!' srudy for po1icn11< lfll h ~ninorrlll, "' dec~a.<e r odiat ion-induccd loxkily. 2012 El<nier Tnc. 

Seminoma. S..,ondlll'y mnllgoond<:s, Proto n therapy, Oo>illk'try, P ur.HIOI'tie. 
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Testicular Cilllcer.. are the ma.t coommn sohd mahgnrutctes 

wnong men 20 to 35 yt:ll'> old. lo 2009. !here 11-cre $.-100 
new cases of restkular malignancies proje<:tL-d in lhe Unires 
S tnle.<o, with 380 detaths (I). ,._.,t')."' of lhese molignaneib ~p
rese nL prirrory genn ceU tumors. with pure seminoma com
pn=g «J% of these tumor>. Approxlmatcly SO% of paticnl.'l 
diugnO>cd with ,._.minorna have Mage I disea.-,e (21. 

Reprint ""tlleSI.\ '"' Olnrles B. Sunooe II. M.D_ National IJJ· 
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The >Wnd:u\J initial treatment for >tuge I >eminomu i' 
rodica I inguinal orchioctomy. Sin~e the mid· 20th Century. 
photon euernlll beam radiotheraPY has b&:n lhe standard 

adjuvant LreatmcDL l"•tienb rece1vmg rndiotrempy 

udJievc ruw.e..,pecitic >urvh-al rnte.> upproachin!! LOO% 
and lon_g-Lerm rclap>c-frec survhal rates cxcetding 
95%. witb '~mally no relup;es within lhc radmtion por
tal (3. 4). 
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Howco,:t~r. !!.ignifie{lnl trcalment rclalcd morbidilie.~ fol 
lowin~r rndiotheropy h3vc he-en re(l011ed. Allhn ugh ocutt 
toxicities are generally mild 3nd self-limiting, patien!S are 
ut an increusd risk for lute gooadal toxicity (5) :md cllfdi~ 
va.o;cular di>ea>c (6. 7). pttnicularly tbo;.e pUilents rereh mg 
prupbylnctic mediru.tinal irradiation (6). Studi~ have abo 
rc1ewed increJISCJ> in contmlntcml tc.ticulur genn cell tu
mors in the first decade folhlwing nldiothcmpy (8. IJ) and 
incn'<~Scs in non germ cell matignarries after 10 to 35 
years ( 6. 7. 10-12). In lb! ~tutly ~ssing the largest 

populru.ioo of "'tnin01ru1 palienu. lor the dt.oveklpmenl uf 
:.ccondary cancer•. 4().576 patie.n!S with fU"M primary 
cnnccr.. of 01e tc;.tb bctiMecn 1943 nnd :!001. who 
survived at least I year, were CI•Uiuated r 1 0). PatientS treated 
wilh udjuvant mdiolbempy alone had a significantly in
crc!L'.ed risk of ~olid cancer.. (relative ri>L IAA I = 2.0: 
95% confidrn~ ioterl'".tl ICII. 1.9-2.2), with the bigbc& 
riJ.l.. in pru.ients truutetl a t younger ugcs. Among orgum. in 
the •ta ndanJ paru· oorlil: field nldintion ponal. setJondary 
cancer r.ues were elevated for the >tllmtieh (RR : ~. I . 

95% CJ, 3.2- 5.2), large bowel (RR ,. 1.9: 95% Cl, 1.5-
2.5), pancreas (RR = 3.~: 95% Cl, 2.7-5.0), and bladder 
(RR = 2. 7: 95'il: Cl, 2. 1- 3.3). The~ rhlt. "~rc •tightly 
higher for patient;, with ;,eminomu lh:m ror patients with 

nonseminomu maligmmcie<. Nl •eminllmu largely nffecl' 
younger patienu. and cure rntes arc excellent. occond pri
mary c.ancc:m; ure a feuding c..ull\e of dcalh ruooog Lesticular 
cancer >UTYi~ors (b. 7. 12). 

Attempting to lkm.•ru.e rudiuuun-3»ocirutd trwtment 

morl:iditi~ and ""'"nilill"y nmlign:tnlies. >-~.udies buve invc.· 
tigutetl redud ng the at§uvunt radiotherapy dose and lrclll· 
ment wlume. T he United Kingdom Medical Re.earch 
Council (MRC) rono:mtiz.ed 625 patients with sl3ge J semi
noma to roceivc a 2~y or 30..Gy do.c 10 200-cGy fracllo~ 
following orchic.:u>my. Rut.,;, of acute toxidlles were lower 

muong patient. re~-ei\ at !.I 20 Gy, with no differen<."C in 
rclup;,c.frec survivul o r Ol'l:fllll • urvival (3). With the n:cng
nition that pro~ylnclic mediastinnl irradiation increases 
cardiac mortulity (6), tn:ntrnenl to lbe mediastinum w~ 
lru-gdy abandoned by lbe mid-19ll<h. 1;,Uowing the Royal 

Mu.r..dcn Hn>pltul repon In wbJCh no difference. in reluJbc 
putlcm> 11cre found for pul.lcnts with .crotul violauoo• and 
follo~>-ing Lhe lntemntionul Con.<'Cn>U> Conference in Leeds 
in I 989, radiotherapy 10 tlu' ipsilntt:rnl groin nnd scrotum i< 
typkally avoidc..:l (13). Following an MRC randomized trial 
uf 47!1 p3licnL' .,.;lb >luge l >eminoma !but dcnHlD:.Lrutcd no 
lmpruwmcnt in uverwl ~urvival or relapse-free s un•ival in 
tho.c patienll. whu received lrc:.tmontto the ipsilatc r.ll pel 
vi.-. nldiothcrupy 10 the pam-nortic region alone hu> become 
no nc«pU!ble tar~:et volume fnr pati:nt. with uniliSturbcd 
lymphutic drnill3gc (4). 

Despite rcducl.lo~ in r•dialiun do:.e.-. and lic.lds, cun~ 
fur lute toxk~lil:• und seconilill"y malignancies prr..a.L Proton 
therapy muy provide equivalent rule> uf ili>easc conlnll 
while im(r01ing the tu~icity prolite <I phok)n theropy. Pre>
tons allow energy depositioo at u s pccilic depth. known liS 

the Bmgg peak, wilh mpid energy falloff beyond that point 

(ld ). 11len:fnn:. protM:- c."ln allow normal Li~MJe.,. di.:-.l:ll t..} 

the target volune to he >pared. 
To date, !here nro no published data directly c-umparing 

diffcr.:m type.!> of ionizing milio tllcmpy fur lrCU!nl~l of 
>IIlgc J seminoma. utld nil datu cxil.t that predict the ruk of 
;econdary malignancic.' from proton therapy in tbi> patient 
population. In thb J.tudy. "" compared <i»c>,~lumc hLste>
grnms (DVHs) uf wrget volumes and nurrrol ti~o.<uc struc
tunos in pho ton-based vcr.;us pruton- bru.ed plans in pru.icnL~ 

wilb stage I seminonUl. and "e detcnuined tbc excess ab>t>
lutc ri•l.. ( I:!AR) of •cc'tlnilill"y muhgnancu;s for photon ~cr;w. 
proton plan... 

i\11-..T IIOOS Al\0 i\IA I'ERJ i\Ui 

~ consecuU\~ p:tbe-nts WJ ib stat,.~ 1 !elrunomn ~ed wub ra
dootbcrupy lU Walll!r R""d Army M'"lteal O,mcr (WRAMO. "ho 
had CO"l'U~<'d 1001ogruplly ICT) simutouon •m"£,<> thlll inchtdoo 
the ~ntu-e bladder, wue assessed'" the presenLstudy. Tht< sludy 
wa. approved by d!e WRAMC l"'1lrutioual revaew board All pa
ucnL< undCI'\\ent rucbcul ordlJcctomy GJid receh·oo lllljovnnt fl'llC
riorr.>l<'d IWO-dim<nslon:tl (:!0) mdio!hrrnpy wi1h rreg3\-olmge 
phot01" Lo the P:llll·30ruc lymph node region from June 2006 to 
Se(llftnber 200ll. The 1r Cr unage.s "'""' used to q\IJlDUly nud rom
pore dosomcux: doff<rences be~~~ocen pltclloo ond procon rotbOiher· 
apy. cr ocqui~itioo dllm &ncluded <lice thiclme<~es of 3 mm. CT 
images were tmponed uuo :t comrne.rcial U"e3nnem pla.nntng .sys-. 
<em (Edopse: Vnnon Medical Sysrelll<, l'nloAloo, <.:A) 10 dehne llll'· 
get IW<I oonwget suucrures. 

l'bnmng torgtt m lumes (M'Vs) nnd ad;aceno orgnn.s Ill nsk 
(0Aib) were deb"""'"" on gmulllnon cr omages. Orgons on the 
treru.ment rleld prev100sly reponoo Lo beatwcrem;ed nsk fordevel
oplllg seconctor) oulligoonaes tlO~ luclutbllg bladdet SlomllCh, 
poucrellS, and ~~~bowel. were con1oured. ln-neld cririenl strUt· 
<ures. inchtdmg liver nnd lOOney<. were also conooored. AU con· 
Loormg was perfonnoo by • stogie mdiouoo onoologoSL (t:.S.) and 
rev&cwed b) 1\1 0 ~ddiuonlll mdoabou Oolt<)logom (J.O'C. and 
W.O.). 'forget and 1101lllll'!lt'l50UctUre set5 foro given patient Cf im· 
age''" •••ere held OOtl$tnnt for nU ore:urrem plan<. 

T,.-o pinos were generated for eocb punt (o = 2tJ pbns" For 
photon plnn~ p:llttuu "'<re b'eD'<d With :UIIllll;!rop<>stedor-po<;Ler· 
ooot~<rlortAP-I'A)du-ecdon .echn&que. wherea<only oPA lieldw:u 
osoo for pnxon plnns. For phooon pbns. patieom were IJ'<:ned with 
n SLlllldllrd 20rerungulttr b'eaoneno6eld. with field borders defined 
by tbr'n0-TI1 i.JJLerverltibr:llspat:ecrllllinlly. the ~I int«V<r· 
ttbrul spliCe cnud:llly. ond 2.0 em lotrrnl ly bcyood the b.terul edge 
ofobc venetnl b<xlit.s. bi lulO'llUy. 

llec:luse 311 pabents b:ld oode -negau•-e dise'.He, 110 gmss rumor 
volume wn-. !Lied. R>r lbe pmoon tloerap} por.o-oortic nodal c~Jucnl 
tt>rget volw~ rcrv.,._). dt-tlnrd •• regions or po<enoal mocro. 
scopoc di<e-. the iiDrtll 011d common ihac ,..,...,Is from •he mid
Ti l venebl'lll body crnmally to the caudal Llurdol the LS venebrnl 
body ClludaUy \\ ttecontoured IDgetber "'n !lllgle strocrute. l llese 
vcs.ods~rved liS urmgllle.< for pora -oon10 lymph node posiuonwg 
and "'1'"'"-'ntOO th< "'Ilion m rOlk forpora-aorric l)lllph node met3< 
oa.<l$. 1 n pmoe.nu w.lh bifurclllJOn of the 3DI'to ;Wove the coudal lhm:l 
of LS. contCJUJ'!< lnlm both !hr ri)dl1 nnd the left Uiac lnndles wtre 
Included. l'bccr .. ~lll and caddo I extents of "'""I rontoulli wcrede
nved to llllow 1he cranial nnd caddo! e:<t<>tL' ofimuh:ulon volumes 
10 be equal for photoo and pm1n0 plans. A rndiol expansion of 1.3 
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em was added &n lh~ 'OUUC'fure l n Include~ CJV,_..,.. Bone WU( 

exchxled from crv ,._... 
'lb llCt'ount for ret· up VllnllliO!I 3lld argon nod p:11.len1 mouoo.<. 

a Mldlnl txplliLSit>U of 0.7 <-m ,.~ uddcd to tbe C1V,....,. 10 define 
the PTV p-.-. To ocr:oum for pmton b<:1m pmptnie. nnd ronge an 
eenainues. based on lhe applic:1oon of Moyer's formult1 to the av. 
ernge conge ol values of tbe study populotlon. proton beam range 
comper..nron "'""" do.<ogned Ill provl<k 0.6-<:m P1"-1 •mallllld 0.9· 
em disml n~:~rgms rellllrve 10 lbe I'1V ,....,. nnd bloc:kong WIL< do 
signed 10 creme:~ 1.3-cm l:11C!mJ fJnrgin relativl' to me P'rV~. 

Planswerecaculatedto delivt'r!S.5 Gywub phoronsor 25.5 ce>
balr Oray equllllllems wtth pmoons over 17 fr11<Uoos, Wllh pl'lllon 
do~es a>oT« Icd wid! tbe J>Coopccd rellilive biologoc effec:mene<~ 
voiD< of 1.1 ( 15). AU pbns were opci mized 10 provide optimal mr· 
get volwne. coverage and dose homogeneity throughout the ta.rget 
•olwu<>. DVIh of lllll,'<L \lllumes and OAR< w= generotcd 10 

COtnpllf'e doselli l () IUJnbr voluuteS and 001 ll'DI \D'UCUlJ'U . 

Previomly reponed model< of orJan specific rodilltion·induced 
cancer rocidence mles based on orgon equi>10leo1 dose (OED) 
we~ used to ck~ermull' l!~e EAR of seoondury tmligJLal~<'"'-' for 
phooon oo.t pmroo p1Jin5. OED I• a 10ol u.-.ed en descnbc 
m<bOiion·induccd malig~>ancies for nonuniform d~ distnburiom. 
The organ.specdic cancer oncidence race w::.s <:1llcubced occordmg 
to the equa.lon~ /-& = I~Dt •orff, where J~•r ls rbe org:ut-
~1,.., Rc auo:er wci<kucr nliC fey o low do5c (EAR per 1 O,<XXl pa· 
ticnuolye:u'/Gy). D.,. th~ WM~J doce adminisll:'red., e iJ. Ihe bac.eo(d\e 
namrnl logari lhm. ond ~ ison org31l·Specdic cell Slerilizarion pa· 
mme~er. Till' OED for r:>ll!Ltioo-ulduced coocer w115 euk."Uio<ed DC· 

coriling to 

where cbe sam i.< mken owr N dose calcnlanoo poi nc~ This op
prooc.h ba.< been previously described in deC!il by Schneoder etal 
( I C>-1~). Colcubted predlcced vlllues fo· secoudary mallgnauaes 
were cou1pared wll.h cwnor regbll)' populutton·l».cd ~-poru of 
rhe EAR of secM<b'y solid cancers :unoog resuculnrconcer <urvl 
rors (10). 

Smu!<K:al WJA!ym ""' pecfonued u."ng MJcrosoli Excel for 
Wioldov.s (Mcaosoli Office E!>cel 2003 vors10n). A P"" "d 1 ~sc 
WGJ uoed co ev:lluoce differences between pairwioe comp..-.l<Oel<. 
A l"'O--I:m&edt> \"'n.ll.le" ~ USt":d. wilh 9.3bsucal s•gn•fironce defined 
as op .atue ofsO.OS. 

RESULTS 

Amt~ng the ~otudy populutiM. the mean age was 31 y=s 
t~ld (range. 22-4R years) (Tablt I). Pntien~~ bad s tage pTl 
(S pati<:ncs) .,. pT2 (2 pati<:ntlol cfucasc (American Joinc 
Commuttt oo Cance r. Testis. In AJCC Cancer Staging 
Manuel. s.,vcnth Edition. Chicago. ll : Spnogcr: ~10. pp. 
469 -78.). Srv<'n patienL> had rigbt· •itl'-'<1 primary tc>ticular 
o;eminumtl". whereas 3 patienlli had lefHidcd tumors. 

All phoeon und proton plu~ p~twidcd aoccputble <mu 
comparable turgec volume 00\'Crnge. Although dose diSLribu
tioru. for proton plans wen: typical!) rllllrc homogenous 
thrOtJgbout cllc uugec volum.,; than photon plans. thb differ. 
<:net did 001 uppear tu be elinically signifocanc. Funhcnnorc, 
no wget or nunWrg<'l volume I'ClCt:ivcd > 114% of the pre· 
>1eribcd dt~se in any photon ur proton plun. 

Volumr R.!. Number I, 3lt2 

1\lhl~ 1 Pnoe111 d\IU'DCieti.(oc'" 

l'lwc01 l'•dellt Sick of primary 
numbrr ~()"'Dr<) T <IQge• rumor 

31 pTI Right 
2 ll pTI ufl 

34 pTI Right 
4 31 pTI R.Jglu 
5 25 pTI ufr 
6 28 pT I uft 
7 22 pTI Right 
8 ~8 pTI Rlghc 
9 23 pTI Right 
10 28 pTI Right 

.. Amencan Joint Comminee oo Cancer. 

Overall, protoo ploo~ bad superiordoseconfonnalicy. ,,.,jth 
signilkant >puing of m~l nonnul ti;.,,ocJ>examlned (Fig. 1). 
Among OARs e.\liOIU1ed. the lurge.\l absolute dilfcren:c m 
mean dose betiHX'n pro!On nnd photoo plans WllS obscn'Cd 
for the stomach (Thblc 1). Ctlmpnred with photon rJtliation. 
proton r3diation ~gnificantly reduced rile mean dose to the 
siOru3cb ( l l'lt.<ly V!. . 768 c.:Gy, respectively; p < 0.()()()1 ) 
(l'ig. 2). Protoru. ul>O achieved r~ctive >igni6coot rcduc· 
tions m mean do.= co tl~ pancn:a.s ( 1.697 ~Gy ""· I. 991 
cOy: p "' O.Cl002t. lurgc buwcl (352 cGy v'- 651 t<iy: p "' 
().()()IS). and liver (33 t<iy v~. 313 cGy; p ; 0.(Xl06). The Uv· 
crngc m3.\imum poinl do,., to the large bowcl w:L' niJ.o lower 
Wtth protoos (2,618 cOy vs. 2, 732L<iy;p= O.O()i)6). Tbema.<· 
imucnd(J;cs tothdivcr (2, 141<..-Gy v>. 1,591 cGy:p; 0.(J689) 
o.ml >tornach (2.. 147 <.<iy .... 2.61~ cGy;p = 0.079 1) tn:rued 
lower with prutlln._ while no difference wn.<, ob...encd for 
the pancret" (2,634 cOy v~. 2.657 cGy: p = 0.4072). Bmb 
the menn (0 cGy vs. I cGy; p "' 0.0304) and the ma..,imum 
(I I <<ly vs. 51 cOy; p = 0.0071) doses to the bladder 
wen: klwer with proton thcrnpy. although the difference. be
tween !he!.<! do>O "c.rc not dinku1Jy >ignificant. Thttc were 
no difference.~ in mean or mo.xitrum dose.' received by ~1e 
~idneys bet ... een llw: '" t~ tremment modulitie... 

Pre,iously reported wmor regis1ry population-bas«! stud· 
ies of EAR of second sotid cancers re\·eakd chat for v.uiencs 
diagoo•od with -"'lllllloma a1 age 35. the cumulative risk t~f 
;,olid CM<~r 40 ycun. larcr Wtl!. 36%. compared Wtth 23% 
for till! b>encral pcJpulation ( 1 0>. Frum among the: 9.55 1 tCS· 
ticularcancer I 0-year>urvivo~ reported by cu.n<..~r rcgj.,ui~ 
from Denmark. Finland. und Norway and the Nutional Can
cer lru."ticuu:, Swveillancc, Epidemiology, an1 End Resultl. 
Progr.ml ( 10), "" otimutcd 1!.986 paticntlo received rudio
thuupy alone b:ucd on ratios of rtluuvc rbi..J. uml rtponed 
numbers of >econd ~lid tumors for paticnll> treated wilb ra
diotherupy ulone.chenmhcntpy alone. un1 r.rdiothcrupy und 
chemother.tpy. Using models of orgun· ,pecific r.rdiutiun· in· 
duced cancer incidence rates to determine the EAR of ,.eo;:. 

ontlary malignanci.,., "e prediN 6.94 exce"" bladder. lurg~ 
bow"L patlL'II!U... UDI.I >lOIIUICh -toldar) malignanci"' pt'l' 

I 0.000 patientoJ)eu.r from photon radiotherupy to the pur•· 
aortic region (Tabk 3). Ba;,ctl on thi> c ulculution. for u pop
ulation of I 0.000 patient' followe-d for 4() years afler photon 
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Secondary malignanc:ies for proton \'S . pholon sttninoma R''r e C. ll. Se.to N!i: II eta/. 245 

Fig. 1. Repre.~ntative treatment planrtingimages in a.'{iaf plane..c; for (A) photon therapy and (B) pmlon therapy. as well as 
sagit tal plane.< for (C) photon tlterapy· and (D) proton therapy. 

therapy, we predict 278 radiation-induced in-field excess 
solid secondary malignancies. fur a population of 8,986 pa
tienL<, therefore, we predict 249 such secondary malignan
cies. T his prediction compares very favor>tbly with the 246 
in-ftcld excess solid secondary malign ancies reported 
among the actual 8,986-paticnt cohort recc!iving photon ra
diotherapy described by Travis et al. ( I 0). 

Signifttan~y more excc<s secondary malignancies per 
I 0,000 patients/year were predicted with photon than proton 
therapy. When assessing OAR< in the treanment ftcld previ
ously reported to be at increased risk for devclopingsceond
ary malignancie<, respectively higher ral!es of SCCC)ndary 
canters were predicted with photons than with pmtons for 
the s tomach (5.2 1 vs. 1.10; 95% Cl, 3.22-5:.0 1), large bowel 
( 1.12 vs. 0.3 1; 95% Cl, 0.39- 1.0 1), and !>ladder (0.03 vs. 
0.00: 95% Cl, 0.01-0.58), whereas no re<pective differences 

were prediciCd for the panGTeas (0.58 vs. 0.56; 95% Cl, 
- 0.0 1 to 0.06). In total, we predicted 4.97 (95% Cl, 3.99-
5.97) excess secondary malignancies per 10,000 patients/ 
year from photon therapy compared with proton therapy. 
For patients with a life expectancy of 40 years from the 
time of radiotherapy treated with photons instead of protons, 
198.80 e xcc<s secondary malignancie< per I 0,000 patients 
are predicted. T herefore, approximately oneexcc<s second
ary malignancy per 50 patients would be avoided by treating 
with protons instead of photons . 

DISCUSSION 

T his study demonstrated that adjuvant proton radiother
apy, compared wi~t photon radiotherapy, sign iftcantly re
duced the predicted secondary cant.cr risk for patienL< wilb 

Table 2. C)mparison of photon and prolon doses to nonnal tissue..c; 

Bladder Large. bowel Liver Pancreas Stomach 

Do.<e Mean Max• Mean Max Mean Ma.~ Mean !\.fax Me.an Ma.x 

Pho ton I 51 651 2732 313 2.'591 1991 2657 768 2678 
Proton 0 II 352 2618 33 2141 1697 2634 119 2147 
p value 0.0304 0.0071 0.0015 0.0096 0.()006 0.0689 0.0002 0.4072 <O.<XXl l 0.0791 

• Max= average maximum poinl dose (c(iy't. 
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Fig. 2. ComP'Iri.<on Ol m~an oo.e.,..,lume l1"10gronu of photon (left pnndl ond proh>n (nt>ln panel) rodi1110n tr'f:lonenr 
ploos. 

stage 1 seminoma. Tho> roduc"tion was gn>at<>l for rad!nlioo
mduccd gastriC and large bowel nnllgpnncie;. A roducuon 
of one additional .ceondary cancer f<.r every 50 patients 
with life cxpccUtnde~ of 40 year.. from the time of therapy 
trcnled with (IOilln> instead Of photon> \WS predicted. A 
high degree of dose homogeneity wa.~ achb·ed foraJJ plans. 
and there vms no signiJkant difference in target volunr cov
erage bet..,eeo pboton anJ pruton pl:llb. Prottln ther:lpy in 
lhi• ~tudy adueved >Uperlur u<.nnul ti>o.ue >paring and Mg
niliCillltly reduced the mean dOli~\ delivered 10 the >lomoch. 
pancrca.. large bowel. liver. and bladder. Additionally, the 
maximum dt).'d delivered with pml!!ns were significantly 
lo-.er to tlr large bowel and bladder nnd trended ltl\\~T to 
the liver and >tomacb. 

Over the p:l.'.l 2 dec:tde•, de.pile reductio"' in rudtution 
dose• and trouuncnt f~ek:b. due tu concern ... for lnte cumpli
eations. many pmctilioner., hove increa.,ingly offered o.ur
'eillnncc o.- !oinglc:-do<oc carboplmin therapy a> ollernnlive 
adjuvant <'Oui'Sel> f~r s~age I "'-'rninoma. Appro.<imau:ly 
15% to 20% uf un.clected patients with Mage 1 seminoma 
whu undergo >urvdllanl-e fulluwing un:hicctumy develop 
di~a.o,e rocurrcuce (19). BccaU>C greater than 80% of n:· 

lapse.' oocur in pUrJ•oortic lympb nudc.. dcfernng immcdJ.. 
;ue udjuvant thcropy and :ldmini\lering chemothcrupy or 
nldiothenlpy upon relapse aJIOI' S for successful salvage in 
mOSI p:11ienL~ ( 19). However, treatment fur patienL~ who re· 
lapse i~ usuull y more intensive and !6sodated with increased 
uJurb.ility (20). More n'<'enl riJJ-.atfapw<l .arutegi<:!. recom-

mended suncillan~ only for 1""'- ri>l. palienL' comm111ed 
to loog-term follow·up wtlh stage pTI-1'2 llliLOI<Jgi<!S.. 

lac~ of rete ~.e>u~ iovii.Sion. and tumtn le.s !hun 4 ~'til (I \1-
21). 

Over the pa>t decude.therc hn.' hecn inaea.<ing intc.rCJ>t in 
adju \'3111 shon -<:ourse carboplntin therapy. Repons from 
phase ll trials and singlc-ill>litution retro,pe<-"tive experi

ence~ indicate 5·)'eat recuii'Cnce rates of le5.'. than 5% with 
udju v-o1111 c:urboplutin trcub!Jent (:!0. 22). An MRC and 
Eur(Jpelln Orguov.uliun for Rc..:arch and Tn:uunent of 
Cancer trial rtll1domi.r..ed 1.447 patiCnL~ with Mage I 
seminoma 10 one L'OUISe of ct>rboplatin or lldjuvant 
radi11thernpy tu 20 to 30 Oy in 21JO.cOy daily frat•tion.' 
primarily to Lhc para·3urtic region (8, 9). At a median 
follo"·up of 6.5 years. there w"' no diHcrencr in 5-year 
relnp;e. frcc • urvival nile> between patieo"' who receh•cd 
cruboplutin :lnd those who undcrwcnl radiothcnlpy (95% 
v>. \16%, respectively; 9()<;1. Cl. 0.83- 1.89). While pmicnt.~ 
receiving c.arboplatin had higher r:I\C.' ofhematolo<,;ic tuxic· 
tties, palien"' recd,~ng r.uiiatiun hut! more dyspepsia and an 
increased Lcntleocy for ocutr lethargy and time ofT work. Atl· 
d iuunwly. fewer new ca;c;, of cuutmlatcrnltesticulat germ 
cell t:anc-en. were tlb.cr.ed in puticnl3 who rec-eived carbo
plat in trempy (0.4% vs. 1.7%. respectively: p = 0.03). De· 
.~pile tht:..'e promising fmdings. with more limited long· 
telll1 data than adjuvanL r :Jdiothcropy, carbopl:nin is associ· 
atcd with an uncertain fn.-queocy of lute rcla~es and the 
need for OlU~ tigorotn. C'r .!J>UI"\;cillfith."C' 'A/il.b LtbdOmi.nttl 

Table 3. !'"'dieted ""'ondory mallgnanaes p<'r 10.000 p:noenl<lyear 

SoUJU Bladder L:>rge b"""l P311CR-a~ Stomach In- reid totols 

1'11010n rhor~y 0.03 l.ll ().58 5.21 li.'.M 
Proron lheropy 0.00 0.31 0.56 1.10 1.'17 
Excess mabgnaocies front phoiDI'ts O.oJ 0.81 0.()2 4.11 4.'17 
95'l Cl• O.Ot-{).58 0.39-1.01 0 .01- 0.06 3.22-5.01 3.99-5.'11 

• Confidence bllerval os expressed as the range of predtcted exresssecondory malignancies per 10.000 paoen...,Yearfnxn pboO>n radlodler· 
apy eoonpored V.llh proton radiotherapy. The null VIII~" defio~d 11'1 0. w• Lh suo""lcal sagnilitllnct ll<'hieo.e~ for \\II=~~· nor O\-.rlopp10g 0. 
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nnd pelvic cr ima~Pngntcvl!ry ,;s;, for up to 10 ye:u-s 120. 
211. The radiation expo,ur-e from this more fretjutnt CT 
Mlrvcill!IJJCe. rna) result to an increase in scoontlary 
nutlignanci~ (23). 

Carboplalin also po>e!> potential ri>U or ncute ncpbrotox 
icity. oiOlOXicity. neurotoxicity. and gonadal damag~. U$ well 
:l~ long-term crudiac dL...:a;e and se''Ondary mllli~ancie.~ 

( 10). Pupulab.un-based cancer registry ".llilits of patients 
primarily treate<l with cumbinntion c.hcmotberdp)' re\tnl 
an incn:a;c.u ri>l.. of >econdnry ~ulil rnalignand~ i> higb~ 
among p:uicnl~ n:ccn·ing both chemotherapy o.nd rlll.liothtr · 
:tpy (RR : 2.9; 95% Cl. 1.9-4.2). with similw- ri!.ks for pa· 
tienl~ trcate<l with r ... lio theropy alone (RR = 2.0; 95% C l. 
1.9--2.2) and with adjuvolOt c htmothcr.lpy alooe (RR = l.l:i: 
~5% Cl, 1.3- 25) ( 10). Several >Uldics abo report increa.e<l 

ri>h of sa:.ontlary leukemias anti ruychxly>pla>tie syndrome 
following cbtmothcnlpy for tc.\ticular cuna~r (24. 25). 
Longer fallow-up after prospective trials is needed to deter· 
mine the ri.~ l.. of secondury caocers from ,;ingle-agent c :trbo
platin then1py. 

Although no cltnicnl tnllls <r publ&bed data eJUsl ussess
mg proUII therapy 10 treat putienl.\ with t~ticularmutignan
cic>. proton theru(Jy may r-e(Jn:>cnt o. viable ultcrnativc to 
ph<HOn th<.."r.tpy. :;:urvcillan~;c. and C..'lrb<.lptatin lhcr.tpit.s for
>l3gt I seminoma. The dosimetric advantages of proto~ 
demon>lr..tt'l! in thi~ !>tuLly might improve the thc.r.Ipeutic ru
tio for~ragc I pulleol.\. Ba<,cd on hi!>Lorical do.e-=ponse re
l:uion.<Jtips, with the stgnificuntly lo,.er radiation dose> 10 

o;evcrul OAR> demonStrJ ted in this ;,tutly. patients trCIIltd 
with protoo therapy may have impmv~l quulily of life and 
R'<luced rntcs of acute to .. icitics previou>ly reported in semi
noma patient!. rncctving utljuvant r..tdiutbcmpy. including 
nausea. lethurgy, and dclay in rctllfn to .,.orl. Loognudwul 

'tudi~ compuring normal b>>Ue to~icttie> from photon vc.r
sus proton rudiothernpy an: needed 10 conform the clinicnl 
'<ignificancc or uur fmding.~. 

While this Study evaluated mdiolhcrapy a. the primury in
ducer of >rt:ootlary <".J.nec~ patients with te.ticular mulig
nanci~. parllculurly scminonru. ure ut tnl't'eu:.ed ri>l.. f<r 
developing >Ub>equcnl cancer... rcganlle>> of their testicular 
cancer treatment cour.>e. Pntients with tcsticulnr mntignnn· 
cies undetgoing orchiectOmy 31om~ still have an increa.~ed 
risk of developing a >CCOntl cancer comp3n:d with the gen
eral public (26). lil..dy frum increru.cd genetic >U>Ccptibility 
forextrugonutlul >C~'Ondnry tumor>m this paucnt populallon 
(27), By oompuring one type of radiation therJpy to another 
and reporttng lindtngs us rm nbsolulc eKCCSS ns~ of sccoo<J
ary malignancies for one rodiation trc"tmcnt type over an
other. we have attcmp!ed Ill control for this incre.ased 

g~netic >u;cq>tibtlity. 
Tbc prediaed rut~ of secondary malignuncie> c alcuiMed 

in tit& study wen: ba.'ed on (Jreviously rcponct.l n'Odcls of 
organ-;pccifie mdiGtioo-induced cancer incidtncc r.lle\ 
ba.ed on OED. The effect of radiotherapy on secondary can
cer risk for SUtg" I seminoma pallents bus previously been 
as~>cd using OED mood~ (:!7). In thm dosi.lliCirk >tudy. 
AP PA IJ'e(llmcnt plan~ with 6-MV photon> were predkte<l 

10 result in a 20.8% to 23.3% risk of secondary cancers for 
a 75-year-old )Xltienl treated with radiotherapy to the parJ
uontie regloo ut age 35, C()mpan>d with a 19.8% ri!Jc for 

the generill popul:uion. 
A~ cr simul:ttion imngt:l> u;edtn this ;r.udy "ere from pa

tien~ pn:vioo>ly treated with mdiother.lpy 10 the paru-oonic 
region <tlonc. the lacl of ima~es encomJ:U~ng the entire 
>ttotum lil!d LOW lung volume limiL~ our ability to predict 
~econdury cancer T'.tlC.' for the>e organs. or the lung volume 
in1Uged , ho,.over, the mean lung volun1e imir.li:uion wa> >ig· 
nificuntly lower with proton; ~1nn photon> (p < 0.01). 

The model w.ed for predicting sccon wry c:mcer risk docs 
not allow for predictions of r.ldiation-induced leuken•ia ri!Jc. 
W hi le" >ignift<:3nt risl.. of treatment- induced leukemia Ius 
been rcporte<l following adjuvant ~bemothcrupy (RR. 5.Q), 
>e:.utiuomu putiClltJ. lta 'e u notu.ignilkant increased ri>k uf 
developing leukcmio following radi~hcrupy (RR. J. I). nnd 
this risk is lo"cst nmong patients treated after 1974 and 
"hose rJdiolhcr.1py w-J.' limited to a bdominal and pelvic 
field>. This risk of leukemia ts sigrufic:.untl) lower tb:ln the. 

ri>k of mdiation-indueed wlid tumor tnducuon ( I 0. 24). 
The signiJlcunt ris~ reduction tn secuntlury malignancies 

predicted "itlt proton railiolhernpy mu.>t be uu:uMm:d rc I o
Live lO the pou:ntiul ri.:\k.." foc ne1.1Ln:m ccntnmination lhat 

may deere:= the magnitude of bcndlt of proton radiother-
apy in preventing >ct.'Ontlary m:tlignuncie.;,. Howev~r. thi\ 
>tudy demon>lnlled a :!% reduction in risk of gastric malig· 
nnncie> for pulirntl. wi!1 l ife expectancies or 40 years from 
the time of proton rJdiother~py compared l'i th photon r.ldio
tbc.rupy. Previous studies h:m: dernon~tr.lled the lifetime ut· 
Lributable risk. of second cancers lrom neutron dose fr om 
proton radiothempy m be upproJUDlutely 0.2% (28). I order 

of ma_gnnwle lower than the benefit predicte<l in thi> ~tw y 
from (Jroton radiothcmpy. To funhcr minimit.e the ru.~ of 
ne\Jl.ffin contnrnination. this •tudy us ed scanned proton ther
apy, which is associated "~tit an out-of-field neutrOn equh·
alo!nt dose I ordl!r of magnitude lower than that for pu;..~ive 

~cattcR-d prown therapy C29). 
Althoogb OED may bcue.r wke into a«ount mhomogene

itie. o f clirucul do>e ~lnllution. in organ> or inlcrt.>l, llm 
modtl. which uses n lincar~poncntilll function. mny be 
subject to imert.'Dt errors due to lack of occumcy in dO!ie re
construction lorp:uients Lrt:ated in the.moredista.ntpast that 
contribute<~ w the tlc•elopnlclll of the model ( 17~ Furlhcr
rnurr, ulthougb pre•'lliling do;e. n:;.poo>e puradigtru. for M!C• 

undury cancer induction include linear. lineur-exponenlinl. 
and plntettu mOdels. the true"'~ of mawtion· mtlucc!l c an· 
ce.r.; may not perfectly fit any such model and may lie be· 
tween line ar and linear-cllponential models (27). 

Tbcrd'urt, tl1e ucc:umcy of llny estimate t:l radi:uioo

iudu~d or\CO!,"-'D"-\i> may ~ linuted. However. Lite lincar
expwcntial m<l<lcl wtll> u~e;J in tl-i.- swdy to provide n conser
''llli>ee>timntc ofsc:condnry cnncerri>k. a' the predicted ris k 
witb this model is looer at 25.5 Gy than with the otner 
models (30~ Rlrthtmtore. predicted seconda ry mulignan
l.'ies culcultll.ed in thi• >1udy were very >inular to the actual 
EAR of ;,c:.cond >olid eancer• among te.ticulur cancer 
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survho.,., b=d on population-balocd ruporu. ( 10). Longilu· 
thnal s lUdic> ure ncc<.rd to '-atidate the prediction> frum 
lbe>c m<llcb. 

Various method;, were used to minirniJ..e bias in lhe pre;,
enl study. Ten ~vn,e<.:utive patients with >Luge I seminoma 
were included to minimi.t.e sampling bi;ls, All contours 
were performed by a singlt' radial ion OnLVh>gi!.t and re
vil.'wcd by two adthliwal rJ t.ltaliun unculogists. StandJlrd
i.t.ed tar!l' t volume cxpun•ions were w.cd fur all plan>. 
~am runge cornpcn.:uors and blocking relative to PTV .,... .. 
to LK'COunt for beam propcni~ and range unccrtnimie<> for 
proton plans were u""d for aU pl:m' and not OJXimiJ.OO on 
a patient-by-patient ba.~s. There wa.'< a high correlation be
t,.een J>TV ,...,A volumes irradiated and lhe superior, mfe
rior, and la~r.tl ClttCill> of phOton 2.J) \\liUmel. irradiated. 
Al> the oona and common iliac vc;,<;e~ -.ere u>ed as surro
gule> fox para-aortic ly"1'h node pu_,itioning. theru W!l.\ 
le:.s corn: l:uion in a few patient~ with more lllleralized vu.v 
culatur<:. l n the.<£ p:uienL,, the widths ul' irradiation volumes 
-..i lh proton plan. wa;; sinlilar to that for photon plans. but the 
t~ntclll of the fidd> were wfied latcrully in proponiun 10 the 
d~placcment of the vc.""el' from the midline. pankulur1y in 
the crnnial-mo.t poninn• <:1 pmtnn target vnlumc.~. In none 
of the patient~ was this shift &=tcr than 2. 7 em from the 
midline. A.< the lc.\<C 1 of bifurcation of lile nona and loclllion 
of the aorta and ct1mmoo iliac ,·cs;.cb relative to the midline 
ure patiem-tlepcntlent facl<li'S. tXJnsitlcrJuon >buuld be given 

I. Jemal A. Siegel R. Ward E, t:t a/. Cancer sran.<tics. :!()()1). CA 
CUJICU J Clln 2009:59(4): 225- UlJ. 

2. Sokoloff Mtl .lo~e OF. Wi~ M. Tellis CWlccr. J Uml :!007: 
ln(6l:20J0-2041. 

J. Joocs WO.I'ossaSD. Me:>d OM. rtaL Rondomaed lrilll ol JO 
vmus 10 Oy "' the odJUVnnt u..atmcHt ol ""!.'t I l""lJCular 
seminoma a repon on Medie:ll ~~rch Count'll Triul 
TE 18, European Orgarusaion for the Research and Treonnent 
ot Cancer '!hal 30\142 (JSRC:TNI 8525328). 1 Clln O~tl'ol 

2C.l5;ll(6): 1200 12UI!. 
4. Fo<s!i SD. Horwich A. Rus<;eU .IM , B aL for me MedJcal Re

seorcb C:ou ro..'ll TdtJCular Thmor Worlnug Group. Oplltllal 
pbnmng ttrgtl voi\Jme for ~mge 11o.t.icub1 scmin~.>~no. • Med 
IC:II Res~orch Coonol rnndomila:l erial, J Cli11 Om:ol t999, 
17(4): 1146. 

5. Bocri S. Roll7llud tvl Munlbtll R. Scminomo of lh< ~tlJ: 
is q:mtul ~hidding nec~sary when nubothernpy i-. limil4!d 
to tl1e pam-aortit:- nodes'! Radlotlu!r Oncol 1999;50(3)-.349--
353. 

6. Zagar<GK.BalloMT.l.ee AK. .ro/. Monalir)•aftcrCllf<Ofles 
uculor semroom11. J C/111 Otrt:o/200-1:22(4):64()...647. 

7. Hanks GE!. l'ele~ T. Owen .1. SctlliOOIDJI ol the ""b" long.term 
llO'lelielal ollll deltlenO!l< rtsuiL< of r.-Jiution. /m J Rodlm On· 
col lliol Phys 1992:U(5):913-'l l9. 

8. Ohver RT. Mend OM. Fogarty I'J. t!1 a/. Radiolhterupy versus 
c..-boplw:m for smge I scn11 ooma: updatcd analym ol th~ 
MRCIEORTC rnndomi7ed Dllll USRCTN17 1632t4~ J C/in 
OnCiJ/2008:26(Suppl 15). A- I. 

9. Oh""r RT. Ma<ion MD. Mead GM. n ol. Radoother.tpy Vtr· 
sos >ingiNict<c carboplaun in tldjuvam U'Clltrntm o( <cge I 
seminoma: a mndollUSed tnol. Lot~uJ :!0(!5:366(948:2):193-
J<Xl. 

Vnl..-nc 81. Nurnbc.tl. 2012 

to tksign treatment to accommodate anatomic features of in
dividual patient> when lC>lng vw.c:ulatul'<' a> lymph node >ur
rogatc.. 

Furthermore. the volume> treuted with proton lherupy in 
thi> <tudy co~ponded well wilh lhe distribution of nodal 
Spl'l'ad from te>ti~'Uiar m:llignancics. based on hi.sturic:11 re
port> of lymph<ngiographics and ly1T'4'h node di..\sex.-tions 
(3 1. 32). Additi>na Uy, no ;ignilicum thll'ercn~> in lUft!Cl 

volume coverage were dernon;trutc-d bet"ecn pho1011 and 
proton plans. thus minimiLing bias "'ben c'Vmpuring 
dosimetry bct-..een plan~ Despite lhcse metlSUres. 11> witl1 
any l'l'trOs~ctive study (33), it i> pus.~iblc !hat bias existed 
in the rurrent >tudy that may huvc: fa,'Orcd a certain trelll· 

men t strategy. 

CONCLUSIO~S 

Co"""~ red wi!h photon radintherapy. protm mdiolhempy 
reduced the mean doses delivered to most normal organs :ld

jacent to the md.ialioo trcaunent field for palienb with >~age I 
M!minoma. Proton lherdpy alw reduct-<.~ the predicted ino
dcncc of radlatiun•induced >ecoodnry mahgnllDCJe>. Thoe 
findi np >crvcd .1> the b:ISi> for purwing the fca,ibility and 
Phase II study anticipated to open at the University of Penn· 
sylvania Roberts Proton Facility in early 2011 that will as
sess adjuvnnt proton radiotherapy lilr the tre.atn1ent of 
paritnu. with M.agc J ~nllnomu. 
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Comparison of secondary neutron dose in proton therapy result ing 
from the use of a tungsten alloy MLC or a brass collimator system 
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Purpose: To apply thr do:~l ionization chnmber method for mixed rodiatioo field• ID an accurate 
comparison or the secon~y neutron dos~ uristng from the use or a tungSien alloy multileaf 
coUimator (M.LC) "" opposed to a bros!. collimutm sy.tem for defming lhc >b.Jpe of a tbempeutic 
protm fitld. 
i\lvthom: Hycrogenous and nonhydrogennus iorlizatim chambc:"' were constructed with laiJle 
volumes [O enable mensorern~ru or absorbed doses bc:low I 0 ... Gy in mixed radiation fie.lds using 
the dual ionization chamber method for mi.•cd.field dos:im~try. Neutron da;e mcasun:ments wuc 
mude wilh a nominal 230 MeV prutoo berun incident oo a closed wngstcn alloy MLC and a solid 
bross block. The cbambc:rs were cros.s-cnlibmtcd agninslu ""C<><nlibraJcd F rumcr chambc:r in wa~~:r 
using o 6 MV x-my beam and Monte Carlo sinulntim• were performed to acroun1 for varinrions in 
ionization chamber response. due ro diffe.ren~ in secondary neutron energy ss:rctra. 
Rbulb: The neutron l1!ld combined proton plus y-ray nbsorbed dose-< .,. sbown lo be nearly 
equivaknl downstream from ciLbcr a cltr.cd lUOl;!'1<n alloy MLC or a solid bm.o;s block. AI 10 ern 
down>tn:am frcm the disllll edge of the cnllimnting mntcrial the neutl\lo dose from the clo..:d MLC 
was 15.3 :; 0.-1) x to- 5 Gy/Gy. The neutron dose with b'"'s was (6.4 :; 0. 7) ~ I o- 5 Gy/Gy. Fun her 
from the secoodal)' newon source. at 50 em . lhe neutron doses remain close fur lxxh the MLC :md 
bruss bloduu (6.9 =0.6) x 10 6 Gy/Gy and (63 ± 0.71 x 10 6 Gy/Gy, respocuvo:ly. 
( ·onc.lu.,luo>: Tbe dut!ltollll'Jllion chamber method i> suaable lor mea.mring S«ollll:.-y neutron doses 
resulting from prOioo mdiaLion. The re5uhs or mcasurtmclllS downstn:run from a closed rungsll:n 
alloy Ml.C Wld a br:L"-' block indicate thnt. even in nn overly pe.'iSimistic wo~1-case seem rio. secmd
nry neutron promcrion in a tungo;ten alloy Ml.C leads to absabed dases thnl are nearly equivalent to 

those seen from brass ~'OIIinutors. Th""'fon:, llr choice of tungsten lllloy in cmmucriog the letiYes 
of tt pr01m MLC ~ llppropriate. Wld does not lead tu a subo.lnntiru incn:= in the scrondruy oeutrm 
dose OJ the puicnt cnmpan:d 10 thDJ grncr:ued in o. bras.< cn!Untttor. 0 2()11 Norrrkmr As.,ociotion vf 
Plrynri.u.r in Mtdirine. [DOl: 10.1 I 11!(136560251 

I. INTRODUCTION 

In n:cent )':ars, moSI effort in mensaring sccoodary neurron 
d""'.s in proton tbempy hn.~ rocu<cd on estimating the dose 
to the patient outside of the treatment field ettber lwernlly or 
beyond tbt >ll«ad ow Btagg peak. Secoo~y newrutl.\ pro
dua:d by tnlcmctJons or lhe proton field \Ooilh beam modify· 
ing devices (e.g~ double scnllerin~ sysu:m, bc:am <hnping 
coltimators. and runge compensators) und the patie111 hnve 
been studied by many authors. 1 :l.l These secondary neutrons 
are responsiblr for wbok body trmdiuuon of bigb LET par· 
ticle., at low dose levels where the long term effects arc not 
fully ander<tood;'.>.-27 Conscquendy. the~ is 'Klme r:oncem 
of mdlation--indtxCd .secondary cancers in patients tre-nrd 
lhcr.lpeultcally with prulms. 20 

Tbcsc cooccms = ttho i.mponWII when using a muhilruf 
coltim:uor (MLC) in plocc ofbmss or Lipo ... irz.'• mctnl cnlli· 
m310rs because: of the effecr thnt lhe MLC may have on sec· 
ondary neutron dose. Moyers et oL '" found !bill most 
scrondar)· rrulrom ore produced in Llr final collimamr m a 
pi!Mi,-., l!Cotlrring protm S)'SWn. Tayanw n o/.1 mea.urrd 
secondary neutron do>e from a pusivcly •cattered proton 

62.48 Mod. Phys. 38 (11), Novombor 2011 

bc:nm and dcu:rmurd that ad)t•uncnJ of the aperture diamc· 
1cr of • brMs MLC precol6maror crut reduce tbc nrutron 
da>c equivalent oa~Xidc of the tn:atment fielrl Taddei rt a/ 11 

found • reduction in neut:ron equivalent dose througll Monte 
Carlo sunulauons replacing the bmss final colhmalDr ,.;tb a 
tuogSim eollima11>r m L1r SIIOlC tbic:kocs.. Breoou _, a/. 11 

used Monte Carlo iimubtion 10 srudy chang<'S in neutron 
dose :IS a funct ion or collimumr mnterinl and thickness. 
Daanz ~~ o/.1"' u'ied a Bomer sphere tD measure an increase. 
of up to two-fold ID OC.Utnln eqwvnJent dose when using a 
tungstm MLC in pluoe ufa bru."' final mllimator. 

In the pn:sen1 paper, we ore intcrc.<~rd in comparing the 
secondnry neutron <bsc arimg fmm lhe use of a tung, ten 
alloy MLC. which is in liSt" on the double scanering and uni .. 
form scru>ning beam lines nl the University of Pennsylvania 

Robc:TI5 Prult!n Tbcnpy Center. ID a br3S.'I colllmutlT >ysu:m 
for dcfming the lalernl field sh""'. We have mCtSurcd nco• 
t:ron absorbed dose due 10 a proton benm of the hij;he<t 
energy available from our cyclotrm. Me35urernents were 
perfocmed downs1n:.on from a closed tungsten nlloy MLC « 
sotid bruM block. TlU\ is an elU!Cmc e...., which duo m t 
repn:.o,cnt a realistic clinicnl sitootion. but offc" 1hr bc:st 

Ti 2011 Am. Assoc. Phys. Med. 62.411 
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~:ccmetJy for molrinll3 qu:mrilati\, comparisoo of second<tJy 
nelllToo prOOuttion for a nmgsten aUoy ~iLC and bm..'iS coll.Joo 
malor syslcrn. 

Based 1.01 nuclc:or cross-sections for proton oeulton rnrer· 
3Ction5 in rungsren or hruss. one would C:ql<!Ct natgsten 10 
produa: the greoter neutron flux. However. when construct· 
mg the MLC n is necessary to use a duckncss ol rungsrn 
alloy cquivnlcnL to .tightly greatrr lban 1 w;ce the mngc of 
the highest enef!o'Y pmrons, because the leof design mUSI 
incarpornte side· ond end.,.teps 10 prevent imerleaf leakage. 
In a so tid brass ccllimator. 3 tluc.lcrrss <q~.~ivalenl to just 
over one proton range IS used nod the thickness can be 
adjU<led acconJing 10 ~~• .:n.:rgy of lhl: incid.:ru pnxoru. 
Ahhough more neurrons arc produced in a tungsa:n alloy 
l'.QC, due to increased thickness there is subsmnti:ll self 
att.eDUatxm 1' of the rrutron Hux wbJcb i'\ oat Jresi!Dt 111 the 
thinner brass collimator, the dllfcrencc bcmg paniculady 
pmnouncod atlbe highe<t prmoo encrytes. 

Previou~ cfforu aimed at measuring the out·of·ficld neo
lilln doses produced hy a thcrapeotic proton beam have 
emplo)~ instruments lh:u are ln!ditiooally used in a rndia· 
tion pmlecbun selling such ru. Bon orr spheres, 20 long rouo
ter>.'0 .cintillaion coun~<:rs."' supcrheotcd neutron buhble 
detectors." or fo~ ocrivation II.'Chniques!1 Measurements 
wirh lhc'fiC in<10:rmmcn1"'- nrc rc-pnnccl in u:..-m-. nf dn'iiC' ("qnivn.. 

lent (Sv), which ;,; • product~ the absorbed do"' (Gy) and n 
neutron eJI<rgy-dcpcndcnt radiation wdghung fattor. Ofltn 
convncn:illl device• = U<ed for these measurcmenl.' with 
vendor-supplied calibrations that give no specifics ~ the 
radiation weighting foctors used. Bonner sphere.< employ 3 
boron tnflwridc (8F3 ) or 'He 6llcd counter to dctttt neo
lrUIB whicb ha"" been tbcntlillized by a tluck polyttbylcnc 
modemtor. The <i7.c of the modemtor. whi:h must be 
increased to :teeornmodate higher eneryy neutrons, therefore 
limit.< their spllllnl resolution. Although neutrm hobble 
dcr<eto"' c:m hove !,'00<1 spatilll "'"'luuon. tbetr accumcy i.• 
suuhtic:nlly co.,trnlncd by the rrt:L•imum nom her~ bubble> 
that cnn be relinbly coonted. a nom her th01 i< on rhe onJer of 
I 00 bubbles per exposure.31

.3
1 The energy response of these 

del<Ctors is often 6.miled ond they are, therefore. ""petted to 

undrr-"'spond to the sccondory ncutrm dose prodUCC!d by 
high .:nergy lhernpcutk proton beW1lS t- 230 MeV), since 
the~C beams conurin Iorge numbers of high eneryy neulillns. 
Typkally Bomer spbcr""- long C()UDlets. and bubble dctcc
tors respond tu nculrms w;th mcr!llcs up lu 11)..20 MeV. 
Rca:ntly. su""Y i"'truments hove been do•..,lopcd with 
extended energy te.•l>O=· Such instrument:!. include a Bon• 
ner sphere"' und • long countr!r" with modifiod modern10r. 
:md ao in.ttrumcnt based on scint:illatioo counier-~ 10 These 
dcvic"" have lor&"' volumes and therefore poor sp:uial rcso
lulion and the unccn:Unlio In their ealibmtion fll<!tors cun be 
roosidernble. 

The mea~remerns of Binns t!t of. 1 used 11 li'SLJe.a. 
cqcivalenl proportimal counter fTEI'C) to study the micro
dusanetric •peclrn r=lung frcm protm tntcrucuooA with 
the dose delivery system. Such mea.w~meors bn>'l: the 
advantage of providing absorbed dose meosurcment• as o 
fiiiiCtion of lineal energy. This can then be usod to as.<ign 

Modk:al Phy&IC11, Vd. 38. Ne>. 11.N011o.n>or :11111 

apt:r~riatc mdiarion 'Nciehrin& fucton or relali\<t bioloJ:icol 
effectiverrss (RBE) fur colculating dose cquNBiem m Sv or 
Gy(RBE).17 Wlule a comnll!rdal instrument "' ovailable 
which IOC<lfJXlraes a TEPC and mukichanneJ analyzer in a 
single ponablc device (REM 500, For West Tecmology. 
Inc., Goleta, CA), this insiTlDllcnt lad"' the spcctml dynamic 
r.mg~ lha:t ts reqw.rnd for prectsion m1crodos:imeLnc mcas-
un:menu. l'tec!SC lllt'Mlltl:mcots require careful cmtml ~ 
gas pressure in Lhc TEPC and the use of l-1 lllllplific:uion 
channels to acquire the emi~ signal d)'lnmic range. It is 
likely due to lhl: incrtaSCd challenge these difficulties pres· 
col that this method has net been widely pursued for meas
uring •o::ondor) do.sr 111 proton thempy fields. 

lonwuion chambers 5uch os those that a~ routinely used 
in rodiarion thernpy dosimelly am qualiry as.'uranoe would 
tend to alleviate: tb.e.se issue.., \\--ere it noc for tlr large bade· 
ground of lellkogc protons posstng through the icterleaf gap> 
of the MLC ond v·my• induced tbrou~h (p,)·) and (n.r ) rcac· 
tion<. The.oie chambers a~ typically COIISIIUCted ~ tissue· 
equivalent (TE) mmerials and respond ID neutrons. protons. 
and t .. rnys wilh equhalent se.n.;.;invities. However. the neu· 
trons display diffcrcn: LET and rndi:llion w<ighting factors 
from the protons and y-rJy•. so their respecltVe dose rontri · 
butions m USI be seporated in some way. 

Vlr: determine: the- nh'inrhcd neU'IT(IIl ontl cnmhinc:cl tenlc

age proton plll'i y-my (p + y) absorbed dases ditttlly by 
m<nn• of u dual ton!J.Itlon cbombcr method originally devel
op<.'<! us • mixed·foeld dosimetry a:chniquc used 10 scr:rmc 
the neutron dose from the background neutron-induced ;--rny 
da;e in fast neutron therapy beams" An advanrnge of this 
techruque is that it dc1emunes absorbed do..: and :illows the 
user to input a~roprhte mdi:ltion weigllting factors or RBE 
to calculnrc d011e equivalent or ROE-weighted dose, respec
tively. In this tecmique. two ionir.arion chambers with dif
fe:rem sensitivihe.s: to the two type..~ aC radiation are used to 

evlllunte tlte scp:ltate at..orbcd doses of neutrons and y-mys. 
The contribution fran inrerlellf leokn~ pmton5 lo the 
nbliOrhcd dtR cannot be scparnted fiom that doc 10 y·rn)"
but thi• has tittle imJliCI becaase the RBE of pnxons and y· 
mys arc relatively cbse and genernlly smllll compared to 
that of oo::utroos. 19 The cbutnbe.t5 an: cmsltUct<d 10 have 
upproximntely the s umc sermrivity to proton.' and v·rny1. 
while one ~ the rwo is designed to be rclulively insensitive 
to neutroM ccxnpared to lhc o lhe:r. This was accomplished 
by cmstrucung on< cb:unbcr IWilg ma~eri:tls that closely 
mimic the dose response ~ l~uc exposed to pmron. y-rny. 
ond neutron mdiulion; for neutrons, th;, idclllly require• the 
cbmnber wan and gii.S to simul:tte lhl: atomic composit ion ~ 
tis:~ue eX!IC'tly. In pr-..cticep th.is is; net poWble in a solid 

material ond m:uchm~ hydrogen content (i.e .. using bydrogc· 
nous nwcrinlsl b • good compmmis<: since most ~ the 
neutron kennn origin:ues from (n.p) elnslic 5Cilttering intcr
acrioos:"' In cmtrasl. the other chamber i.< constructed ll'ling 
materials witb relatively IO'N neutron ioteractioo cros,s... 

secuons (i.e~ using ntnb)'lirugenous ood higher 3l<lmic num
~r (Z) mareriabl. 

The absorbed do,;c of liCCOndary neutron or p + 7 rudi•· 
lion do10nstream of a closed collimator or owidc of • 



142 
 

8250 

thcr.I!X'IllC proton team " expeclrd to be Ill the range 
001 ~ ~.S'\. of d>e pnmary q>eo field protDn do,.,. .. . u . .u 
del"'n.ln!! on 1M ck~•el) mod<' le.!-. scaltalD!' m scan
nt,.l Collecaon volume>.- cmunrra:all) U' :ubble tooiz.a. 
IICXI cbaml>l:ro •utL>bJe for U"' in the cllaJ ionization chamber 
m~od are m tbe mdcr of I cm

1 The ch;ugc roDected m a 
volui'O«' of lbt> srte lor do.e. oo tbe onkr .- 0.2 mGy ""'> 
tJKn,f""' be &c\ low I.\ S pC. With • meas..-ed leobge cb:Jille 
of 2 -1 pC ovrrtbe elofl"'d lime of do..., deli,..,ry, the sCCllnd
ory radJJIIon Qplal "e:ully Jau in the n01se doe to cumnt 
lcal:!!!e. Therefol'<'. we hove cksJgned 3Dd built a set of 
l:Jill<r •olume tDillbll.om chamb<'lli thlll on=:uc t.bc ch"'llc 

colh11on effidc:n9 "' an ctlell that e'ettd. the si2Jill)10 
ODl'\C milo lmol\ >mp<to~al b) tbe kahll" ctrrCno. For 
in~nct. vruh a tcn-.fold incre3SC in chamber volmne over 
commcn;oally u•ailaillc chamber5 I10d wllb reprocllctble 

charge leakage Ill the lllllllC of 2-4 pC, "" cstimrur !bat 
tlo<e> ll' low ou. 0.2 mGy con be mcu.•ured with :m uccumcy 
of appmxinotllely li'if 

II. METHODS AND MATERIALS 

In the cllul ch:omher method.'' the two chum ben att fiN 
cahbralt'd on • refcrmc-.: pho10n field. Wlrn placed a t lbt 
"""e 110101 oo u m"ed field each exlubits 311 oodependmt 
"''1100"' IIC~'Onloog 10 " reb.LI\ e J!CDWvly Lo neutrons and 
pi 1 r.ahallon. Tbe d~>.~e raronsc• .-the chamber< C3D be 
dncnhed "-'a unple 'urn of the prodocu of their Stn<itivay 
to the ... parnte l ypcs .. rwouoo .. ,th the dose due 10 tbe ff

'!X'Cll\e r:Jdollllon. In lbe followng "" woll :.ssign tbe sui>
'''''P' T to the chamber ck\lped to hu•c ~ sensi.oVIty to 
h<>th t><llmn.., pmu:m. and 7 ray• and "~ will amp U 10 
tbe ch>mber de<oJncd Ill h;ovc J ..... ·er rd:m"' newm S<'Dsi
U\11) . In the nuJCed held. tbe rauo .-the d05lmeu responses 
woth thar scruJbviiJo 10 tbe ph<llon bcld used r..- coJimo. 

11011. R1 md R1,. ""'I""" by 

R, - trD. + ltrDr-1, t i l 

and 

R; - t 1 D. +h1 D'* 

n ... , .... ..,._ 
.... .,..,....,r,.• 

a 

m unit<.,. ab<Orbed dose. The p:aJ~~melen k and han: 1M reo 
specovc scnslllVJUC< .-the dosmeliCh 10 n~utrons abd p + 7 

mdmoon rdtuvc to tbar ..,n,.IMI.Ies 10 the photon focld 
u....S fa< caibr.uim Tbe<L tbe ab...-bed dooe 10 "'1ll<r frmn 
neutrons and p+ r.ldiaaon. D. and D, ~ 1< nbtaoned by 
501nng Eqs. t l l ond ~I <multaneou<ly 

D _(Itt R, - hrRrJ 
• (hc, tr - hrt1 ) 

D,_. 
trR,,- t, Rr l 

lht kr - il,t,,) 
I-ll 

The two cmnponcras of do<c '" they arc pr~"'"'ed in Eqs. 
13) and H I depend on the relatl\e sc:Jt\lloVII.Ie> of the cbam
hc3 top+ 7 and n~utrm ndoaum. 

To omplement the dual ch•mber method we huv~ buib. a 
chamber u'ing TE matcnal• w11h ncorly fi!UOI proton. 7 roy. 
and nc,.tUn scn,irivtrico and • 'iCC!Ind c:httmber comtructed 
usmg lughor Z matc:nal to obtaon a Jo,...,r >c:n"ovuy to neu
tron rudonlllln. Both ''"'rc bu<ed on n thimblc·t)ll"' ooooz.utioo 
cht111ber design, proVIding on active volume of 9. 14 em 1 

The willis o f lbe ioni7tnion chombef\ arc 0.~ JK cm thick 
"ith an inner dillfllct<r of 1.91 em, Fig . I. A Rcu>lole 1412 
(C·lec Pl11<tic<. Phobdelphoo, PA l poly<I)TCOC ba..., >uppons 
the outer >hell the clc..-tmdc. and the ~;ulltd rmg "'hicb 
rroucc:s Joaku!\C' CUITent bct ... CCO the Wier , tJ.,U and IROCf 

electrode. The polyst)1'Cnc: t>o.c al.!o provide> •n mlct and 
outleo pan 11> tbe ooniut.,n chamber for fa> flowthrou!'h the 
ocme volume. The tpS flow os 1'0«'1~ UW»g :a11 ...s_,.>toble
mte llow·mrter at • mte Juw enou!'h to ei\Mft lbat u " 
romplotely flu>hctl !tum the ')"!em w11h<1111 nuc&c\1,. the 
chamber above 3tmOiPlMC P~'<' U~'<' A thn·wallal lfl" di· 
:nnet.e< alununum Sl<m atl3cbed to ..n alununum ba>c pro

•odes ~ nran> of ""PP""'"I the ch:unbcr tn tbe mdtouoo 
field 0> w<l 0> rounap the tn •ual ntblc and lbe 1/16" PVC 
tubtng that 11 uoed 10 pro\lde r•• Row. The TE chamber wz 
ronsnucted \>1th the Ollie< shell. the nner electrode, :ond tbe 
guard nog eompo....t of A-ISO TE pl35loc. to.lclb:me-bascd 

TE gas flo .. -. tJ.-wgb the cbamb<'r'o """'" vol~~n<. For the 
nonb)<drogenou;, <huml>l:r. 11\lJIIL'IIum, ard arpm ,..,,.., tbe 
.,.'1111 m:ueri•l and ru ,.. choice. n: ;pa:nvcly, due to theor 

b 

f-... 1 ti) DaV;-.dtht l.ltJtvnhlm: .....-ntic.damhcncbiped alld hudl few UIIC'~I tbt l.l..vcnuy rl ~ftl)'tt.-.t.l'• RttttlaPtriro"l"b:"qJl)'C"cnlcs', tb) 
ln11111¢...,. 1bc' &ucm~ "'1t:·Arttop• .atxS ll:.-~ tboUGmliOmnnoD dumb!& 
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rcbrivrly low neotmn intcrnction cross--sec1ions. The con· 
struclioo <:A this chrunber is identical to the TE chamber 
e•ccpt tbru the magnesium rompooeoJs bave b<'CJI s ubsu
tuled (01' the A· l SO TE pl.lsuc compo.rnt•. 

The chambers were a~culibnued again>t u ""'Co-cnli
bmtcd Exrndin A 12 (Standard l=ging. M iddletoo, WT) 
Farmer-type toou.ation cham ber (0.65 em ' active volume) 
u•ing the 6 MV x·r•y beam of a Vari:ut Cboac iX (Varion 
Medical S)"lcm•. Pulo Alw. C AJ linear aa:clcr:wr. Tbc large 
volome chamber$ were plnccd in 3. 3 mm thick woto-proof 
PMMA sleeves wilhin n 30 x 30 " 30 an w.-er p hmlOITI with 
0.5 em tbick PMMA walls at an SSD <:A 100 em, with the X• 

roy beam delivered borizolll"Uy. Reading. wen: taken at a 
dc~h d 10 em with smbili:o:d ll"' Oow tbrwgh the Ia~ \'OI· 
ume chambers. The Exmdin A 12 reodin~ w.:re corrected 
wilh the x·my bnlm qu:tlity fat1(ll'. kQ=0.99~. which ....... , 
dcErmmed using the bcnn quality specification Jli'DCCdlre or 
Abnond rl aJ." Additional oorrectJOns for leaka~ t'UJ'I'mt, 
tcmpcl'l!lun: nod fl'l:l>lilln: vuriarions. pobrky dfocts. ion ool· 
lemon efficiency. nnd the eleurometer calibration foc1nr wen: 
applied to all chamber readings. Table l mows llCtive volumes 
andcaJibrntton fa-cwrs for the damnerers. 

OnaJ chamber mc.S>un:mml'l W<!n: made lll u to compare 

the secondary neutron dose for tungsten :illoy :md brass coJ. 
Iil"llJJ I~. All mea.s:o~mems nf secondary mdil\rion dose 
from tung51on nlloy were done with tht MLC fully clo.ed, 
Fig . 2(a). Measurl'ffients with brass were rompleted by plac-
mg u 12 em diameter and 6.5 em thick cylindrical bros.< 
block dtrectly downsaeam from the MI..C with 20 open leru 
pairs d the MLC (~ch <:A pbysical wilkh ~.3~ mm and 
roughly 9 em thick) fonnmg on 8.7 em diameter circle, Fig. 
2(b ~ An u nmodulated proton beam with kinetic energy of 
230 1'.1£V was debvered m uniform sc.anoing mode with ro 
latcrul deflection nnd wllb nil beam -line sc;sttercrs rcmo\..,d 
so that lhe neutron p roduction would be coofined to the 
MLC or brass collimntor mnterinl. Rendings were l!lken wilh 
the chambers placed nt isocentcr 10 em from the dist:U edge 
of the closed MLC or br.LSS block. To obtain a compar:Jbk 
neUI!on soun:e to detector dmnncc and llCCounting for tbe 

difl'crc'"'"' in coDimator tbict.ness. ren<ing> were also ltlia:n 
so c;m downstremn from the proximnl edge or the clo""d 
MLC o r brass block . Gas flow through the chambers wa.< 
allowed to stabilize at the same flow rate ustd for calibmtioo 
nod chamber reading. we.re rorre<:ted for aD pr.viotl51y men
tioned eiTccL<. 

The proton beam used in thi.< Sludy wa.< characterized 
with fi bn ond ionizatX!n chnmber measurements.. Lateml 
beam dose pro61es with the MLC fuUy open "'"re measured 
with film (Oafe luorruc EBTJ. lm•mnuonol SpocutiLy Prud-

T-...al. 1tr doiC' to WILLer uWr.....OOn bctou .. i't'mn Ia l.b:: clwnbca llttd 
in the: mnu'anCftU. 

0.65 
9.14 

9,t4 

MOCIICIII Physics, Vel. 38, Na. 11, NcworrGor 3!11 

5.CWOx 10, 
3.41 tn• 
'!,]1 lfl. 

s 
il 

b 
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FG. 2~ E.apenmentaJ ~Dp (POl to .sca1e) sbowin.;: lhe mea.m::tement poi:tU 
tUc:red.,.·ru:Dt.a.Ju fMrethr: clJLaJ •« u.ndl ~OcmdawDJZJtam of the prvs~ 
imlll Qde of eUhe.r lhc c....-ed Ml.C {JJ or .1 6.S an lhid: bm..a; block pllo:d 
chwlliW'C::m a( the Ml..C With lc:i\-u open 10 (arm m 11.7 an dbtmettr 
tiJI:Ictbl. 

ucl" Wayne. NJ) pbced at Oand 32cm depths in solid water 
pla.'ilic, where 32 ern depth is st isocenter. An 8.4 em diame
ter plu.r parnlkl tmizntion chamber (Model 34070. PTW. 
Freiburg. Germany) Will> seamed to a water tank tllutLg thr 
berm axi~ to mea,ure the fmcrionol depth do.<e profile. 

lmplrmc:ntotion or the dual chamber method requires 
lroowledge <:A the reutron energy spectrum for "" accarote 
3SSeSSttlent of the dose response of the dtnmbers. To till. 
end. we have perfonned 5lll>ulatlon. of >econdary mdlatiun 
pn>Wction from the pro ton be•m a t tbe University of Pent>
rylvania using the Geant4 ~imul•tion toolk it." The simula· 
tions iocorpoml< beam shoping components or the lDliversal 
nO'I.Z!e and tungsteo :illoy MLC and ha,, been expcrimeo
taUy verified in >ep:trute measurements to be published b tcc. 

Secondury neutron fluence spectra is recorded in • I em di· 
:uncter sphere a t the measuremeDI positions dislul to the 
dosed tungsten nlloy (92.5% W , 5.2% Ni, and ~3% Co by 
weight) MLC or 6.5 t'fD brass block (62'l Co. 35% Zn. and 
3% Pb by .. eight). 

The relative neutron sensitivities, t11 and kr, "'a function 
of incident neutron energy up to 50 MeV have been com· 
pUla! il=tivcly by Wsterman "of."' using w bulated ti.<Sue 
kenna factors and expcrimenr..Uy detcrntined chamber 
n!fpOOS:O. U'l :l nwnba- o( DCUU'()D fields .,lh l:ooWO. Dt:wtoO 

energy sprclttl. Ho .. "ever, s in"" neutron semilivitics are al.o 
• flDlction or chamber gn.• compositim, wall m:ltrrial. nnd 
chi1Dlber- si:u,..u --J6 tmd in our ca.~ the sccmdary neutron 

encrg"'-' are e><p<eted to oppro:!Ch the primary proton enocrgy. 
"'" have developed Monte C:rlo simulation$ to calculal<! the 
scnsitivilics of o ur l~e volumt: chambers. We modrloo the 
=gnewm-wtlllcd :md argon gus-filled (Mg·Ar) chamber 05 

well as the A 150 TE plastic-walled and methan"'based TE 
ga~led (TB-TE) chamber using dan cos ions and materi:U 
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compositions l:xur.d on 1he dCQ{m drawirc1 and me3..~u:rr:· 
mems of the finished chambcr<l. Each dmmbcr W3S uni
formly tmtdiatcd wnh a Mmulal<:d neutron l>erun having u 
circulllt <liamelt'r >Ufflctent to fully ent:omp""' the ontire 
chamber with tho bc:•m onontt>l perpendicular to the cham
her's cylindncal ;ui,. The: dt><e dcpo<ilr:d ~ithin the go.s vol
ume of the chamber was sen~ liS • functim af incident 
oewao eocrgy "'iucb rmged 0 250 MeV. We are Interested 
tn thr: abo orbed do>e to •11tr:r."' the """'""'"ies ~re calcu
lated as the nuio of the W.C d<I'O"ted tn tbc clr.unber fll> 
vobme to tho da>e de pow ted tn tho ps volome of an identi
cal chamber composed af ,..,.,. Tho wat<r densny of the 
waR l!Dd gos "' adjusted 'udl that the toul II1UI density of 
oa.;h ;,. equinlora 10 the 11tCill dcno.nte' af tho ).!g-Ar or T'£. 
TE oll.ambcB. Rdauvo JCn.,ttvtbO> ~ero Clllwlatcd by taL· 
ing tho quotient of tho neuiTm """'"'vity nh tho "'nsitivi:y 
obt>ined lhroogb simulaong <-'pDWrc af the chamber to • 
photon fidd with an energy •p«ITum that approxunates the 
6 MV photon 6dd u.ctl f<r calibrutton. 

To te.stth<" reliabtlny Ql' the ubovo mothod for calculnung 
k11 and kr. "" have alw culculatetl n:lativc <onsitivity func
tims for the chamlxr< described in the Woterman srudy. In 
tlus case. diDEnstDM af the Mg-Ar cham!M<r were madded 
.r~r M EllrndJn mod< I .:! Spoklb thtrnbJ. chai'IIIM<r with Q54 
em 1 ~e volume and dnncnuon.... or the Tli·TE e:b:unbc:r 
were modeled on the FWT IC" 17 IFar West Tcchnolory. 
loc.) dmnb:r with 1.0 em 1 actl\'e volume. Sina the ""arran 
.<ellSitJnbes gtvcn b) WaJcrmM n aL 1 

ore rel:ntvc to ussue. 

the llfg-Ar l!Dd T'£. TE cl>:unber \Cll>lUVIUCi llJ'C <"alcul:s.ed 
rcbuvo to a chamber compo-..:d ('( ICRU m...cle" ~ith the 
demily of the wall ar.t ,._, tldJU'ied •I'Pr~riately. The 
rt>sults fall within the crrol"' ( I 2 •d.) and dcviatiOilS from 
the measured voltE> can be utiTibuted ID • lock af neutron 
cross-sccuon dntll ubovc 20 MeV (Ref. 47 ) and umbtguruc.' 
in W:uorman tt a/." rcg~rdllgthc duncn .. ono of the cham
hen>, the mut..-ial contpc,.luon uf the T'£. TE chamber, and 
the elemental compo<trion af ti..suc 

Since me:tSUrcmclll> :ttc performed in n specD1lDl of neu
tron coerpes.. the c.ffcc-b,·c ~IBU\'e: neutron seMIIl\ollY of an 
to11U.11110n chamber tn any '""n neutron ctrrg)- Sp«tnml 
replaces tht: C11C'JY dcpondm nruuon ,.,.,..tivity in Eqs. I 31 
and ( -U. Effecti\-e -.mitrvny c:an be C:qll'c:ucd 3S the d...,. 
"'eogbltld ""~ of tdatiVt netnmn semmmy'-' 

t, I t.c£ 10.. <£ ld£ 
JD•(£)</F 

C.Sl 

where r ~P"""""' tbc chomber< Tor U. 0 14{£ 1 is the dose ID 
wnJcr o.s a runcuon of DC'Ulron e nergy. and ktE) ~neutron 
sen.,iuviry rd.4ivc to the ""n'IUvlly to the photon fidd ....cd 
ror calibration. 

The sySii!motic emm in Morwe Curto calculotcd chomber 
~nsitivities are difficuh tO c'um::ttc a~ 3 dr:tailed :malysis 
of dose nrasun:mtra uro1> 111'1>tng !rom these colculntJons 
is beyond tht: ~ope or tJuol "'"rl.. H""'evc:r, the ovor.U me"' 
surcmerw uncc:.n>.tnbC:.• tAD. alkl J.D, l can he dcrivod 
through nror prop•pllm of Eq (JI Md 1-l) (Ref. -lS) 
3$SUDDDg tbe mccrta.Jnl~ a.re urcorTelalled 

1252 

(0) 

Mi. [ krDrr f 611, . [ l:rDa ll~ 
,... Itt tr- hrkt J 1 

... "•·kr -lrrkt· 

+ R1 - lr1 o,...}' At? 
,. kr -lrrkt 

[
R, - ltrD,.,. )'At! 

+ ht l:r - hrkt J IJ· 

In the following. the rompooent of the mco-tnnty tn p+ 'i' 
scll<lttvay IAII,- 3nd M 11) nrimg from scnsitrvny to y-roy• ,. 
rgnon:tl be<::JU-.c: the chtrnbcrs on: caltbt"dtetl tn a photon field 
Tite soun:e> of e rrur inhc,...rn in calculating oeuiTm scn.-.uvay 
.._, o rnuo of doJC\ cun be e<t.imllled by apprtmmaUnJ neutrm 
do'\C tL\ tltc produa ('(the neutron kJ:nno ft>Ctor (1./ with the 
neutTon Oucncc (ll>l. Then. the nmiTm scllSll.tvll)' clTOr is • 
fuot'110n of the"""" m the ocotrao kcam loctor. neutron llu
c~c. w-.J the "CtlWtfl. cy tu lb: pbQloo Cicll w.cd fUf ~..rat,..-.a ~ 
oon. S)<ll:rn:tll< om:r in the ll~nc-e ClllcuiODoo>"' prmriy 
ckprndc:111 on ncu:ron emiq:ion C'I'O:SS-RCtion unct"rL111111~ 

•inch arc ~mated tD 1M< 20--10-. for protons l!Dd trutron<. 
A> ao approunouon. v.e t:;nore dus error b:caust: tho truii'Oll 
>e!ll.lti'IY " alrull.ted as a r.Uo of d<l'iCS "'biCh aro cuch 
alf.-.tt>l b) nucnle error in I3J!"'Iy the same m111ner Sen••" · 
ay to the .-utihrotion field i• also alcubted"" a dO!oc nail, .., 
the clf«h or 'Y'il:lTOIIC error in the estimotton af photm Oo
cnce for the cubbrotim field are also tgnorcd Tbc:n. wah the 
uncen111nty tn the mtt."' utrou;,tion cuefficlcnt bo<tng I 'l;.2'l 
., the energy ran~"' oC the photol'l'l used ror cahbmtom. on 
e<Umntc ('( 25"1 uncenttioty in the sensitivity of the dno.IITI~ 
~n to the culibrnrion field ogrces with that of ICRU Rcpon 
78." The reman eng syst=tatic errors in neuiTClll xn'SIIIVIY 
can be attnbutcd to unccrtuJay 1D tho llCUIT<Jl b:.rmn f""tcr. 
v.htdl uc drc:~~l) rd.ttod to unc.:rutinty 10 ncu.ron lltt:na;ta>n 
em• ·<oecbM' Kcmu 1\tctor uncnuinty a e<tm:ated to he up 
10 ~ for•-.t..-and5"' forA-150TEpl211tcorTE~!os"'hcn 
~mcxn .. nty tn dcmentll ccmpottion and the neuron "i'«1r.r 
,..,eel to measure the lt<rmo fll<'tors ISconstderod.,. Kenna fa. 
tors for ma:;ncutm and organ arc nat well lnov.n and thor 
lltle<DIIInh<\ ore cSiimated 10 b: up to !O'l." Analosnu' to 
oor •Prm••h with neutrons. the uncennirtry in rdat.vc protm 
SCil<lU\ •Y am tx ~snmnu:d by Lacing 3 Oucncc ooscd 
appnm.h 10 culculall! the doses tbot :ll'e u>Cd in the nti.IO r ... 
n:lullvo prullln """'U'ity. Then. the enor depend> on pmtcll 
~~~P',. (l<IW"' uncrn:tinry, which has heon ~;umatctl at le\S 
than 2'l fCII' clements and -l'll- rorcompounds. 

IU. RESULTS AND DISCUSSION 

Slmv.11 tn Fi@s. l(al and J(b) arc G:tkhromic EBT:! film 
absorbed d- profiles olong the lotcral x· and y-utS for 0 
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~ 1.5 

~ j 1 

.... ,. ........ 
-....-.n.,r.D.P:IIIl 

" 'tJIIIItjr 
... -fil llt" 0.9991 

•• 
., 0 ' 
<lqd •fl<""' ..... lllf.-v(ft.rt~ 

._ ...-pn1Giio 

- ,__n.ur'•U91ll 
Plr .. l Utu\11 beam pmfik's. taken with nt.diQchmmir 
tilm.. :.iJOO,J Llr :t· and Y4..XU («II em lttJ oi.Od .!2 em tb• 
dqlth ln ~lid Wiler f'b5tic. ¥.tnn lbe n em tne¥Uit'

mml is 111 l.!iocaltcr. Tht'- fba:M:uu.l de.ptb dote: profi iC' 
tc: \ lD. wslcJ mc••d •i.Lb tbr: l'IW k..a em d.i..ncw 
plancp.lrwllc=l c:MmbeT. 

• "'"'l'lt 
...-n••r· a»l!'lt 

~~----~~~~~-----~.----~.----~,-----
6q-h ·U~IIo._..,. ..... ,;w.~ 

and 32 em depth tn solid water pl..ue, displnycd in urul.\ of 
eGy per rNchine nM>nitor unit (M!J). G:wssinn functions 
wilh n cormnrw background"'""' fit to lhe profiles to deter
mine the beam width. At 0 em depth (32 em upsn.-nm !Tom 
isocemer), a,= 1.66 em nod a1 = I .84 em. The 32 em depth 
measW"c.:mcol is at asocc.nta- 3.lld t.be widths are G.r = 2.~ em 
Md "• ~ 2.17 em. During the neUU\Jn mrru.uremc1115 lhe 
proximal faced lhe MLC is approxim~:~ely 19 em Ull'\lf<tlll 
from isocenter. V.'hen me3511H'men1S ore made with lhe lrllSS 
block nod the MLC open 1D fam nn 8. 7 em di:une1r.r circle, 
less lhnn 4% of the prown da<c is dcpa~itcd in the MLC. 
Theref.re. the effect on mellSllroneoo wit.b tbe bms. block 
is negligible b«nuse the neutron Wld p + r do>es ore less 
thnn 0.0 1% of the dnsc delivered to isocemer wilh nn open 
coltim:uor, ns sho-..n below. 

A fracuonal depth da;c profile m w:uer mell.'>u.-ed with 
the PTW plnne parnDcl cbn,ru,.,r h shown in Fig. )(c). The 
peuk ubso~d dose at isoccrur wllS do ermined to he 6. 95 
cGy/MU using th< prodoct of the surfuce dose (2.33 cGy/ 
MU). the J>'"k 10 surfilce rum obtaJiled from Fig. 3(c), and 
the ratio rL fr~ctionul prollle are-dS meao>urcd by t.be SA- em 
plnne po.ruDtl cb:unbcr at lhe surf nee to th:. l"nk nt 31 ern. 

Simulntetl neutron llumce spectra 10 em from the distal 
ediJI' oft he closed runptrn alloy MLC or 6.5 em ln.« block 
are shown in Fig. ~(n~ Tbe Ouenc.e sp<etrn 50 em from lhe 
proximal edge of the closed MLC :md the brass block t1re 

sho"n m Fig. 4(b). ln rul C~~SC.~o. lhe spectru ore benvily domi
nated by low energies with a long 111il '1Jproachingtbe inci
d<IW prnon energy. The menn neuut•n energies from lhc 
!11LC, which ha< a thickne.<S equivment to twia: the proton 
r:rnge, are notably lowc.r thnn the mean cnergie.< !Tom lhe 

Modlc:al Physics, VoL 3ll, No. 11, Novont>or 2011 

br.1SS block, whose thickness 1S < I O'l greater than lhe pro
ton r311g<. The simulatiura aho indicu~~: that da.e due to 
irwcrlettf leakage pr«om grcndy outwcigh5 y..ruy dose di'1ul 
to the closed MLC while almost no pmtms pa.<S complacly 
through the bra<s block. 

The smsitivity fiDlctions. kr Wld ku. culculti.ed from Monte 
Carlo simul.uoos of the largo: >t>lume chambers arc plotted a> 

a funa.ion of ncutro~ enclj1y in Fq:. 5. The l\1g-Ar relative 
sen.<itivily, k11. falls r'1Jidly to zero ,.;1h dccren..V.g neutron 
energy so inlegrution, in Eq. 15), of lhe sensitivity function 
with n dose distnbution that is heavily weighted towm-d low 
energy neutrons wiD R!SUit in • •m:tll effecti"' neutron seru;i
tivily. Convc.-scly. die TE-TE relative sensitivity. kr. vnrics 
fit de wilh neut·ron erergy nnd t. found to be nearly unity nftCI' 
integrnrion with the neutron dose <fzstribution. 

Given Llr cbumbers are ca!Jbrull:d m no x- rJy field, !hen 
eacb cb:unber'> y-ny ><>nsiLivuy relative Lo the radi:ttion 
uted for cnlihr:ttion can be assumed to be unity hccuusc the 
Compron effect predomin:1tes in both the x·ruy culibrntion 
and in the y-rays of the mixed field Where irwerraf lealuoge 
prolons wtoumbcr sccondary y-r3ys. a< is the ca."' down· 
stretm d tbe closed MLC. Lite proton sensitivity wu.. caku
laJCd u.<ing the oume Monte Carlo model used 10 find the 
ncurron <ensitivitie•. The proron scnJitivity Wll-' found 10 be 
oppro.•imntely invunant with pmtm e nCI'gy for both chnm
ber.i. FurthernM>re, lhe TE-TE chamber is constnrted d by
dru&"'-DOus maJeriai> wilh pro10n stopping po"~' close to 
tku of W1Jier nod therefore exhibits a rd:uh" >ensitivity to 
pmrons thut IS equivalent to i1S relat"·e >ensitivity 10 y-ray<. 
The calculated sensinvitie,< of the Mg-Ar and TE-TE chnm
beo; to p + 7 rudiotion are approximately 0.9 nod 1.0, 
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l~r-------------------·---------, 

- MlC. Tltl • U Me\' 

· · · &-,~ • :9.8 MeV 

IO'ot-------,~o~----~,~oo.-----~,,~o~----.t,L~--~2~~ 
Neutron et:ICrgy I MeV 

tif r-----------------------·----------, 

· -MtC.T-,. 9.'lMtV 

· ·· ""-.l;.,o• !2.1 MeV 

Feet 4. Simulated ne.ulton fluaux: spcctm 1hrough a I em diameter sphete 
phccd lOan from the d istnl edge o r the c losed Ml.C or the brass block(a), 
and .50 em from the proximsl edge of the Ml.C or the brass block (b). 

respectively. for the MLC measurements where the interleaf 
leak41ge protons dominate over y· r.tys. Whe.n mea..•mre.ments 
are pelformed downstream of !he brass block, the )'rays 
dominate over protons and the sensitivities of both c hambers 

are approximately 1.0. 
Shown in Table J1 are effective sensitiivitie.'i fo r each of 

the meas-ure ments described above along with the a~orbed 
dose re.•:;ponses of the dosimeters and calculared neutron and 
p + 7 dose,, in unit' of I o- ' Gy absorbed dose to wate.r pe.r 
Gy of a~rbed dose to wate.r delive.red to i~oc.enter at 32 em 

100 ISO 
~ll!f',)!!~yl ~I~Y 

- M!;AI 
···· Tf.-tE 

Fv. 5. RdatiV<' c.bambe.rsef'l!'ili ,ity as a funcfun o f incide-nt newon eAefXY 
lOr the large \'Oiumc Mg-Ar and 1E-TE e ll.'lfnbcr. l be scnsiti\oi tics art' calcu. 
l!llcd wirh Lhc Gcant4 {Ref. 42) Monte Carlo toolldt using dctailed&cometrical 
models of lhc chambc.~. 

depth by a pristine 230 M!V proton beam. Relative unce-r
tainties were appmximate.d at 5% for p + y sensitivitie.,., 20% 
for ku, 6% for kr. and inserted into Eqs. (6) aod (7) to e.,ti. 
mate the relative unce rtainty of the dose calculations. A~ 
proxi mate liDcertaintie.'i in the MLC doses are 8% for 
neutrons aod 9% for p + y r•diation. A higher mean neutron 
e.nergy of 29 MeV in the bras., spectra compared to the tung· 
s ten MLC, Fig:;. 4(a) aod 3(b), leads to a higher effective 

neutron se.nsitivity. ku. which in tm-n lead,. to highe.r uncer· 
tainties. Con<ie<Jue.nt1y. the bra'is measureme nts exhibit 
uncertain tie$ of approximately I I % in neutron dose and 

20% in p + 'I dose. 
1be respective neutron and p + y doses due to protons are 

ne.arly equivalent for a closed tung:;ten alloy MLC or a bra<S 
block. Thi,. di'iagree.,. with the result,. of Daanz er al.14 who 
used a 25.4 e-m Bonner ~-phere to rneasm-e neutron doses at 

i'ocente.r for a 185 MeV proton beam fully blocked by eilhe.r 
a brasscoUimator or tlmg:;ten MLC. Neutron dose equivalents 
of 3 X 10- 4 aod 5 X 10- 4 Sv/Gy for a 10 em air-gap and 
I. 3 x 10- 4 aod 2.3 x 10- 4 S v/Gy with a 30 em ai r·gap were 

reported for !he brass c.oltimator aod tung:;ren MLC, "'·'!""" 
rively. Tbe~<ie correspond to a nearly two~fokl increa.'ie in nel)oo 
lron do!'£ equivalent at isocenter when .switching from a 
closed brJ.ss collimator to a tung!l.ien t...<LC. 1n conlr.t.~t. using 
Lheir stated radiation weighting factor of 5.9, we me.as m-e 
3.2 x 10- 4 Sv/Gy aod 3.8 x 10- 4 Sv/Gy for an 8. 7 em air· 

gap to the bras.< block aod MLC, respectively. For 42.2 em 

T A.IIU!.Il. Rdali '-c p+ 7 and neuiton .scnsiti \i ties of the Mg·At chamber (hu and k11) and lhe TE~TE chambe r (hr and kr). dosimeter response (R ·11 and R.r) . 
neutron (0.,) and p + 7 (o, ... ,.) absorbed dose> to w:ucr pa- Gy of !lbsorbed dose t> water dclh -ered at iso:emcr by a pristine 230 "-ie:V proton beam. Re la tive: 
uncertainties of approximately 5$-- for p +1 sensit i\i:ties (hu and h1 ). 20% tbr ku . and 6 % tb r t r a.re insatcd into Eqs-. {6) and (7) to de-tenninc lhc rela tive: 
uncertainty of the absorbed dose calcULat ions. The-ma terials ~~Sed in this c:xpc.rimentare m Ml.C Y.i th WllJ;Sten alloy lea'"CS -and a 6.5 e m thid :. br~ block 
used for e ustom·miUed proton collimators. Measurcu.cniS arc at isocenter 10 em from the distal edge:. and 50 em from the proximnl edge o f the: collimating 
matcrinl. 

Matc ri!IJ Position ltu hr l:u kr R·u,. R·r,. v: D, _.., ... 

Tungsten lOandi.staJ 0.9 IJl 0.10 0 .97 t.95 6.n 5.3=c0.4 l.6:t0.2 

BntSS lOan d istal l.O I JJ 0.2'1 0 .98 H9 8.57 6.4 ::t0.7 2.3:t0.5 

Tungsten 50 e m proximal 0 .9 1.0 O. lt 0 .97 0.3<59 t.IX) 0.69::t0.06 O.J3 :t 0.03 
Bnw 50 e m proximal t.O IJl 0.26 0 .98 0.393 0.846 0.6J=c0.07 0.23 :t 0.05 

,.Dosimeter feSPO!lSC-md absorbe-d dose Ye inuniiS of' 10-:S Gy!Gy. 

Medical P hys.les1 Vol. ~ No. 11 , Novemb e r 2011 
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(br.!SS) or 39.7 em (MLC) air-gall', we mea'ure 0 .4 1 x I o- 4 

and 0.37 x I o- 4 Sv/Gy for the brass block and I\1LC, re>p«· 
tively. The. discrepancy mU>1 also be con,Odered in light nf the 
differences in beiDll characteristics, materials, collimator 
design, and measurement techniques. The collimator leaf 
design is rxutirularly important for reducing interle.af proton 
le.akage. Untike the proton MLC used here, the MLC used in 
the Daartz era/. expe.riment was intended for ll'ie in a clinical 
linear accelerator 31ld may not incorporate the same des:ign 
con.sideratiorts, suc.h as rnuhiple . .steps on abutting leave.s that 
went into the development of the MLC made specifically for 
proton the.rapy. In addition. our .simulations indicate th31: the 
mean neutron energy inc~es with a brass collimator com· 
pared to the tungste.n MLC, Fig.,. 4(a) and 4(b}. We further 
expect the mean neutron energy to increase with primary pro-
ton energy, and this may lead to difference.s in the neutron 
spectra produced in this experiment with a 230 MeV beam 
vc.r.;us the 185 MeV proton beam used in the study of Daartz 
n a/. The Bonne.r sphere used in those meao;ure.rnent'i wtder .. 
responds to neutrons greater than ~ 15 MeV compared to the 
response of the. dual ionization chambers which show bette r 
than 20% separation between hydmgenoll' and noohydroge· 
nouschamher.; up to 100 MeV, Fig. 5. Moreover, the Iorge d~ 
ameter of the Bonner sphere lead• to much gre:Jter positional 
uncertainty over the ionization chambers described here, 
which makes compari'iOn difficuh. 

The neutron absorbed dose is typically 3 time.' the p + y 
absorbe.d dose in the me"suremcnLs obse.rved here. Therefore, 
the impact of unc<?.rtainty in p +y absorbed dose on the. total 
absorbed dose is minor. 1f the neutron dose i'i expressed in 
Gy(RBE)37 or dose equivalent (Sv) then the impact of uncer· 
taintie.' in the p + y absorbed dose becomes negligible when 
con,ide.ring the. summed dose in Gy(RBE) or the total do:oo 
equivale.nt (Sv). While this is not important for the relative 
do~ measurements required to make a comparison between 
tungste.n alloy and brass as collimator materials. it will be an 
issue when the dual ionization chamber me.thod is ll'ied to 
make quantitative measurements outside the treatment vol· 
ume for reali!,1.ic gcometrie.s (i.e., open fields) where RBE or 
do:e weighting factors should be taken into cort')ideration. 

Even though the production of secondary neutron• in 
tungsten alloy is higher than that of brass, in pracric.e this 
effect is mitigated becallo;e a proton ~1LC must he designed 
to incorporate side'" and en<J..steps into the le.aves to prevent 
intedeaf leakage of protons, resulting in a leaf thickne.~'i 
equivalent to at least twic.e the proton range in the oollimal· 
ing material. A custom .. milled brass collimator is typically 
de.signed with a thickness of jllst over one proton range to 
reduce weight since the device must be manually exchanged 
for each new treatment field The additional material in Lhe 
tungsten alloy collimator compared to brass has a self ... 
attenuating effecL on the neutroos produced within the com .. 
mating material. 

IV. CONCLUSION 

Using Lhe dual ionization chambers and Monte Carlo 
simulations de.'iC.ribed above. dose measurement'i were 
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performed in the mixed neutron and p + y field produced by 
the proton beam at The Univell>ity of Pennsylvania Roberts 
Proton Therapy Ce.nte.r. Of particular inte.re.st is the produc. 
tion of secondary neutron radiation by the collimation of a 
proton beam with the newly developed tungsten alloy MLC 
in oompa.rison to the conventional brass collimation system. 
and the potential for an increa.'ie in secondary neutron dose 
to the patient during lreattnent Our results indicate that sec· 
ondary neutron production in a tungsten alloy MLC leads to 
dose.'i that even in an overly pessimistic clinical worst .. cas:e 
scenario are no greater than those seen from bras.s collima· 
tors. The doses measured here have been obtained in a non .. 
clinical geometry. which was chase.n to illustrate that the 
tungsten alloy MLC produce.' a secondary neutron dose 
c.ompamblc. to that of a brass collimator system. 

This study also scrvrs to demon~trate the value of the 
dual ionization c.hamber method nf mixed-field dosimc.try, 
whic.h was developed for fast neutron beam dosimetry, in 
measuring the sec.ondary neutron dose as sociated with thera· 
peutic proton beams. The absolute values of the secondary 
neutron and p + y absorbed doses mea•ured here should not 
be considered rcpre....,ntative of the absorbed doses that will 
be seen out'iide a collimated therapeutic proton fic.ld, since 
these measurements have been made with a close.d tungsten 
alloy MLC or a solid brass collimator to maximize neutron 
production. Furthermore. this study was timited to only two 
measurement positions along the proton be.am axis in order 
to provide a timely compari~on of the secondary neutron 
dose due to the newly implemc.nted proton MLC at the Uni· 
ver.;ity of Pennsylvania Roberts Proton Therapy Center. 
Additional measurements using the dual ionization chamber 
technique. to map the neutron dose out'iide of an open proton 
field shaped with the tungsten alloy MLC arc planned for the 
future. 
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t-tiiK ODolrwyrlol 

FJ:ur. l. Pbolopn.pb or .1t BcliCQfl elac:l:rom~cic l~r rtop) ...t lbe impl~:rre~t.llion in 
Ccatlt-4 Rlllllbtioa (bottoml. 

T.ablto I~ CampoocUis o( lbt: da:t.romaglllf!t)c uans:poodr.R iUid l.bt:v comospond:aag llaS5i.!S. Abo 
libowR •lht m- 1ncS n1;una1 ~ Clltlll.idr•tftla impiC'mcn:~ for s1a.blion .. ftll ~ 

M tual Slmulotion Slmulalloo 
MJISs (mg) M>SSjmg) Matenal 

Con> 1.9 "1.9 MnZnFe.O. 
Coil 36.0 36.0 96%CU 

+ .l'X c,,o,.u .. Nx 
+ 2'7< G-I_POLYVINYL_BLTJYRAL 

Clplldtoa 1.31~11 1.1 ( .. 1) no, 
Adhesive not q>eci fi«< 0.8 l'olydim<'lllylsiklxon< 
VIal 20.0 20.0 95'k G4_Pyrex_ Gl:!ss • ~.-. r..,o, 
Toiul 61,8 61.8 

tr.tnspoodcrs using a C4PhantomPur.rntcterimtion. v.bkb is A voxelitcd rc<:I:Uigulru soUd..lhat 
is filkd with solid v.at~r m'"-'rial and di,ickd into vo•cls or dimensions 113/<m K 113 pm 
trans'"""' " 0.5 mm in depth. The ltllnspondo:rs do not luve • symmetry thnt mal::cs it ob\liOII$ 
a: here the. point of ma:<imumdosedeficit wiU be located in t.J::.etransversedirec'lioos.and SO 'A'"e 

V. indoW-.>Wtaged lbc fine dos.! grid over 3 X 3 gJOUjlS or VOlCis Ullocalc the dose mirumum 
io lbc tniiiSVCI'SC pi!UICS. 

Me:asured dam to validate the Monte Carlo simulotions was coll<cted using the 
experimental setup shown schematically in figure 3. Tbe electromagnetic transponders were 
placed in a block of acrylic wllb ca\litJcs drilled to bold lbc sccds at lbrec oricnltbons wilb 
respect to the proton bcltm. The A<rylic bolder wQS 13 em x 3 em trans•crsc " 1.1 em thick in 
the benmdiroction, We placed Lhi.< at:rylic holder in a stncl< of solid w:>K'< with the film loc:ned 
at seve.rnl depths down.<tream of lbe transpoodcrs. The positiao of the holder in the solid wall!r 
and film stock was ,.,ned to obtain <btu wilb the trunspondcrs ultwo differcntdcpibs. I ~ nod 
20 em in Ute phantom. We itrodiatcd the solid water un.l film >tack using u doublt-scoucroo 
rroton spread-out Brogg peak (SOB Pl of range 22 em in water (measured to the point distnlto 
lbe peak where the dose faUs to 98'if of the peak le\1!1, t.e. R .. ). modulatioo I 0 em. field size 
lO c:m x I 0 em. Our terminology follows lbat of the ICRU C2007l. ·rre ftlm wa.< irradiated 
to a dose of 2 Cy at field ctt~tcr in mid.SOB P. In simulation. the trunspondcrs were placoo 
in the three orientations in •n ncrylic slab rontaincd in a uniform solid wntcr cube to match 
lbe vali<htion setup. For eru:b tr:lnsponder depth. 19 billion primary prowns were. generated 
upstream of the modulator v.boclaod tmckcd lbrou£b the noul<. 
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